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A B S T R A C T  
The fac tors  which govern the design of a chemica l  vapor plating r e a c t o r  for  
p repa r ing  TiBz and T i c  continuous f i laments  a r e  desc r ibed  he re in .  
Uneven subs t ra te  heating was  found to  be a m a j o r  p rob lem in r e a c t o r s  where  
r e s i s t ance  type subs t r a t e  heating w a s  employed. T h i s  p rob lem w a s  found to 
be r e l a t ed  to the e l ec t r i ca l  conductivity of the TiBz and TIC deposi ts ,  but w a s  
ove rcome  by the use cf radiofrequency power to heat  the subs t r a t e s .  A r e -  
a c t o r  design incorporat ing radiofrequency heated s u b s t r a t e s  for  continuous 
f i lament  prepara t ion  i s  presented ,  and i t s  opera t ion  during p repa ra t ion  of 
TiB2 fi lament is  d i scussed ,  
ament  prepara t ion  resu l ted  in i t s  e l iminat ion f r o m  the c u r r e n t  p r o g r a m .  
evaluation of the p r e p a r e d  TiB2 f i lament  is a l so  given. 
Ex t r ao rd ina ry  p rob lems  assoc ia ted  with T i c  f i l -  
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S U M M A R Y  
Work c a r r i e d  out a t  T E I  under a previous contract  ( l ) ,  w h e r e  ablative tests 
w e r e  run a t  high t empera tu res  in fluorine-containing oxidizing a tmosphe res  
on samples  of several  bulk m a t e r i a l s ,  indicated that TiB2 and T i c ,  as wel l  as 
pyrolytic graphite,  B4C, ZrO2, ZrB2, and tungsten coated boron w e r e  p rom-  
ising as ablative re inforcement  mater ia l s .  Attempts  w e r e  then made  by a 
batch chemica l  vapor plating (CVP) process  to  p r e p a r e  a number  of these  rna- 
t e r i a l s  in t h e  f o r m  of high s t rength f ibers .  Methods of prepara t ion  w e r e  ac- 
complished f o r  f i b e r s  of TiB2 (up to  370 kpsi t ens i l e ) ,  pyrolyt ic  graphi te  (up 
to 104 kpsi) ,  T i c  (up to  6 3  kpsi but which held up wel l  in ablative t e s t s ) ,  and 
tungsten coated boron. 
. 
The p r o g r a m  repor ted  he re in  was  undertaken to  study the conversion of batch 
to continuous process ing  and to p repa re  three f i b e r s  on a continuous bas is  so 
as to be able to  evaluate t h e i r  ablative c h a r a c t e r i s t i c s  at another  cont rac tor  
s i t e .  By agreement  with NASA, TiBz and T i c  w e r e  chosen as the f i b e r s  f o r  
ini t ia l  study, and subsequently Z r B 2  w a s  investigated br ief ly .  
The  f i r s t  phase w a s  the development of a CVP reac to r  f o r  prepar ing  continuous 
f i laments .  Construction of two CVP units and the ini t ia l  operat ion of the equip- 
ment to identify and solve operabili ty difficulties w e r e  included in t h i s  de-  
velopment. 
BCls and TiC14; and of T i c  by the H2 reduction of TiC14 and the thermal decom- 
PO s i t  ion of n- C4HI0. 
The s y s t e m s  involved preparat ion of TiBz by the H2 reduction of 
DESIGN CRITERIA 
The  following design c r i t e r i a  f o r  the reac tor  w e r e  identified and evaluated in 
the development of a suitable design: 
(1)  The  r eac to r  mus t  be heated to  about 450" to 500°C to  prevent  conden- 
sation of TiC13 and other  low volatility reac t ion  products  on the wal l s  
of the r e a c t o r .  
In d i r ec t  e l e c t r i c a l  res i s tance  heating of the subs t r a t e ,  the dis tance 
between the electrode and the point where  the deposit ion begins mus t  
be held to a min imum ( l e s s  than 1/8 in. ) to avoid overheating of the 
subs t ra te  in th i s  region. 
T h e r e  mus t  be unobstructed visibility of the f i lament  so that the t e m -  
p e r a t u r e  can be monitored over  i ts  e n t i r e  length. 
Any electrode m a t e r i a l  must  have low volatility a t  operating t e m p e r a -  
t u r e s  and e i the r  be chemically res is tant  to  o r  separa ted  f r o m  the 
plating gases .  
(2)  
( 3 )  
(4)  
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(5)  The r eac to r  should be capable of sa t i s fac tory  operat ion for  sub- 
stantial  per iods  of t ime  because it will  be used ul t imately fo r  p ro -  
duction a s  wel l  a s  p r o c e s s  development.  
Design f ea tu res  which wil l  i nc rease  production r a t e s  should be e m -  
pha s ize d. 
( 6 )  
TEMPERATURE GRADIENT PROBLEM 
In the initial s tages  of th i s  p rogram,  a heated c ross - f low type r e a c t o r  was  de-  
signed and constructed which par t ia l ly  sat isf ied the above c r i t e r i a .  
cooled m e r c u r y  standpipe e l ec t rodes  w e r e  used to supply dc power to the 
subs t r a t e .  
s e v e r e  t empera tu re  gradient on the subs t r a t e  a f te r  deposit ion began. 
Water -  
The  mos t  p re s s ing  operabi l i ty  p rob lem was  the format ion  of a 
Although considerable  improvement  was  made ,  the t e m p e r a t u r e  gradient  prob-  
l e m  could not be sufficiently e l iminated in the c ross - f low r e a c t o r s ,  and s ince 
uni form subs t ra te  heating i s  of p r i m e  importance in CVP reac t ions  to obtain 
a uniform deposit, it was  decided to investigate o ther  m e a n s  of subs t r a t e  
heating. Success  of radiofrequency (rf) subs t r a t e  heating in o the r  p r o g r a m s  
in th i s  laboratory led us  to cons ider  th i s  m e a n s  of subs t r a t e  heating for  TiBz 
and T i c  fi lament prepara t ion .  F o u r  advantages of rf o v e r  r e s i s t a n c e  heating 
of subs t r a t e s  w e r e  believed to ex i s t :  longer uniform heat  zones,  s ingle  cham-  
be r  design, f a s t e r  subs t r a t e  speeds  for  a given t e m p e r a t u r e  and f i lament  s ize ,  
and elimination of contact e lec t rodes .  
T iBz  FIBERS: INITIAL PRODUCTION 
P r e l i m i n a r y  exper iments  confirmed these  advantages and indicated that uni- 
f o r m  heat zones up to 18 in. long could be obtained on s u b s t r a t e s  during TiBz 
f i lament  preparat ion.  
TiBz fi lament w a s  p r e p a r e d  on 1 -mi l  w i re .  
At subs t r a t e  speeds  of 6 in. / rn in . ,  5 -mi l  d i ame te r  
TWO r f  heated subs t r a t e  r e a c t o r s  w e r e  designed, cons t ruc ted ,  and placed into 
opera t ion  in the CVP uni ts ,  The r e a c t o r s  w e r e  of the split-flow type (plating 
g a s e s  enter  a t  opposite ends  of the r e a c t o r  and leave at  a common exit  at  the 
c e n t e r )  and w e r e  sur rounded by ovens which maintained t e m p e r a t u r e s  of 400" 
to 500°C on the r e a c t o r  wal l s .  The en t i r e  CVP unit w a s  enc losed  in  a double 
sc reened  f ramework  to minimize  r f  radiat ion outs ide the enc losure .  Eventu-  
a l ly  it was n e c e s s a r y  to p lace  enc losure  f i l t e r s  on all e l e c t r i c a l  l ines  pass ing  
through the f r amework  and to add screening  behind the uni ts  to m e e t  F e d e r a l  
Communications Commiss ion  regulat ions in r e g a r d  to  the intensity of  the 
emi t ted  radio signal.  
Operabili ty of the units fo r  prepara t ion  of TiBz w a s  ini t ia l ly  ve ry  low; mos t  
breakdowns w e r e  due to s u b s t r a t e  burnouts  which w e r e  usual ly  caused  by wal l  
- viii- 
deposi ts  fall ing on the subs t ra te .  
short ly  a f t e r  the s t a r t  of a run due to deposition on the chamber  wal ls .  With 
experience,  the operabi l i ty  was  improved: uniform t e m p e r a t u r e  zones up to 
32-in. long w e r e  obtained on the substrate ,  and f i laments  up to 3 .  8 m i l s  in 
d i ame te r  w e r e  p r e p a r e d  at 12  in, /min  and 3. 2 m i l s  d i a m e t e r  at 2 0  in. /rnin. 
In an init ial  production effort ,  a to ta l  of 3090 ft of TiBz f i lament  with tensi le  
s t rengths  in the genera l  range of 100 to 200 kpsi w a s  
units.  
Tempera tu re  readings became difficult 
- p r e p a r e d  in the two 
- BATCH STUDIES, TiBz AND T i c  
During the per iod when the CVP units were  being converted for  rf subs t ra te  
heating, a heated 
studies on TiBz and T i c  f iber  preparat ion.  
prepara t ion  expe r imen t s  helped determine the l imitation of subs t ra te  t e m p e r a -  
t u r e  and of gas  flows of each chemica l  used in the react ion.  
of expe r imen t s  on the preparat ion of T i c  f ibers ,  it became apparent  that  p rep-  
a ra t ion  of these  f i laments  in a heated reac tor  has  two m a j o r  drawbacks :  the 
r eac to r  wal ls  become clouded r ega rd le s s  of wall  t empera ture ,  and the f iber  
quality i s  ex t r eme ly  poor.  
batch CVP reac to r  was  operated for  fu r the r  p a r a m e t e r  
The r e su l t s  of the TiBz f iber -  
F r o m  the r e su l t s  
In another batch reac tor ,  a t tempts  w e r e  made to p r e p a r e  T i c  f ibe r s  using 
CH3TiC13 a s  the T i c  p r e c u r s o r .  High strength f ibe r s  w e r e  obtained with a di-  
a m e t e r  l e s s  than 2 m i l s  on 1 m i l  W substrates ,  but the CH3TiC13 i s  difficult to  
handle due to i t s  instabil i ty a t  r o o m  temperature .  
At th i s  point in the p r o g r a m ,  it was  decided to drop fu r the r  work  on T i c  
continuous-filament preparat ion,  therefore ,  the r ema inde r  of the p r o g r a m  was  
devoted to improved T iBz continuous-f ilament preparat ion.  
Z r B z  FIBERS 
A few expe r imen t s  w e r e  run on the preparat ion of Z r B z  f ibe r s ,  but none of the 
resul t ing f ibe r s  was  of good quality, The chief p rob lem w a s  keeping the ZrCld  
in the gaseous  s ta te  a s  it was  t r ans fe r r ed  through the sys tem.  
TiBz FIBERS: SUPPLEMENTAL PRODUCTION 
A supplemental  effort was  made  to prepare  12, 000 f t  of TiBz. 
experience and close control of operating conditions, the unit operabi l i ty  w a s  
improved:  
longest day ' s  run (8  h r  day) was  625  f t .  Product appearance  w a s  smooth and 
shiny. 
of 200 to 300 kpsi ;  about 6 percent  w a s  between 300 to 400 kpsi,  and the highest 
With increasing 
daily production r o s e  f r o m  about 150 ft/day to over  400 ft/day. The 
Tens i le  s t rength of m o r e  than two th i rds  of the m a t e r i a l  was  in the range 
- ix- 
individual pull w a s  502 kpsi. 
mils, and its density w a s  about 4. 45g/cm3.  
abcut 71 x lo6 ps i  f o r  t he  fi lament.  
The  average  d i ame te r  of the fi lament w a s  2.  6 
E l a s t i c  modulus values averaged  
- X -  
I .  I N T R O D U C T I O N  
Ablative l iner  ma te r i a l s ,  used to cool the thrus t  c h a m b e r s  of liquid-propellant 
rocket engines,  pe rmi t  simplification of design and operat ion by eliminating 
the requi rement  for  pumping liquids to provide regenerat ive o r  t ranspi ra t ion  
Cur ren t  l iner  ma te r i a l s  appear  to be marg ina l  with propel lants  such 
a s  Nz04/50 percent  NzH4-50 percent  UDMH o r  L02/LHz. The m o r e - e n e r g e t i c  
propellant sys t ems ,  using fluorine o r  FLOX, demand more-effect ive abla- 
tive composi tes  to function sdtisfactorily.  
f lame t empera tu res ,  m o r e - c o r r o s i v e  combustion products  and, in some  cases ,  
increased  e ros ion  due to the presence  of solid par t ic les .  
- cooling. 
- This  is because of t he i r  higher 
Ablative r e s i n s  cur ren t ly  used, o r  improved r e s i n s  now being developed, a r e  
capable of absorbing the heat f r o m  the motor,  but they requi re  reinforcing 
f ibe r s  with p rope r t i e s  such that the resulting composi tes  will  have adequate 
s t rength to endure the physical demands .  This  m e a n s  that the major i ty  of l iner  
improvements  must  come f r o m  new and improved f ibe r s .  Accordingly, th i s  
p r o g r a m  w a s  concerned with the development of reinforcing f ibe r s  that will lead 
to more-effect ive ablation composites for use  in advanced liquid-fuel rocket-  
engine th rus t  chambers .  
The specific objectives of th i s  investigation were :  
of selected f i b e r s  f r o m  a batch to a continuous p rocess ,  and to delineate the im-  
portant operat ing p a r a m e t e r s  to provide f ibers  of uniform quality; and 2)  to 
fabr ica te  12, 000 ft of t h ree  f ibe r s  on a continuous bas is  so that they could be 
composi ted e l sewhere ,  and studied a s  ablative f iber  re inforcements .  
1) to scale  up the prepara t ion  
The exper imenta l  work  was  c a r r i e d  out during the per iods  Janua ry  1966 to Feb-  
r u a r y  1967 and July 1967 to December 1967. 
The f iber  m a t e r i a l s  w e r e  selected f rom those m a t e r i a l s  recommended in a 
previous investigation (1) .  
a s  the f i b e r s  for  init ial  study, and subsequently Z r B z  was  investigated briefly. 
By agreement  with NASA, TiB2 and T i c  w e r e  chosen 
Successful prepara t ion  of TiBz and T i c  in f iber  f o r m  had been achieved by batch- 
type chemica l  vapor plating (CVP) using Tic14 a s  the t i tanium p r e c u r s o r ,  BCl3 
a s  the boron p r e c u r s o r ,  and n-butane, neopentane, o r  ethyl bromide a s  the carbon 
p r e c u r s o r  (1) .  
ing f r o m  these  p r e c u r s o r s  was  selected as  the genera l  approach to be investigated 
in this  p r o g r a m .  It was  recognized, however, that sca le -up  f r o m  batch to con- 
tinuous methods would not be straightforward because  of cer ta in  unique problems.  
These  include the need f o r  high temperature  plat ing-chamber wal ls  to prevent 
condensation of react ion products,  substrate  t e m p e r a t u r e  gradients ,  low plating 
r a t e s ,  and the use of low volatility plating compounds. 
On the bas i s  of these successes ,  continuous chemica l  vapor plat-  
- 1- 
The use  of TiC14 a s  a p r e c u r s o r  f o r  t i t an ium imposes  two important  design c r i -  
t e r i a  for  the CVP appara tus .  
and p r e s s u r e  (STP) and, t he re fo re ,  mus t  be vaporized before it i s  introduced 
into the CVP reac to r .  The boiling point of TiC14 at 760 mm Hg i s  136°C ( 2 ) .  
Thus,  it i s  n e c e s s a r y  for  the t e m p e r a t u r e  of the wal l s  of the equipment ban? 
dling Tic14 to be maintained above 137°C to prevent  condensation. Good cont ro l  
of TiC14 vapor flow i s  possible  only if condensation i s  prevented.  
the hydrogen reduction of TiC14, in te rmedia te  compounds TiC13 and TiClz (which 
a r e  sol ids  at STP)  a r e  produced. Unless  the wal l s  of the plating chamber  and 
effluent gas equipment a r e  heated, these  in te rmedia tes  will  a l so  condense on  
the cool sur faces  and eventually completely obscu re  the f iber ,  thus  preventing 
measurement  of i t s  t empera tu re .  Another consequence of the w a l l  depos i t s  i s  
that  when they develop to a ce r t a in  thickness ,  they spa11 off and fall upon the 
f iber ,  frequently causing hot spots  and pe rhaps  even influencing the C V P  p ro -  
c e s s  in the vicinity of each  impinging par t ic le .  
F i r s t ,  Tic14 i s  a liquid at  s tandard  t e m p e r a t u r e  
Second, in 
Ti tan ium tr ichlor ide apparent ly  subl imes  at  a t e m p e r a t u r e  of about 425°C in a 
vacuum (3)  but, a t  760 mm Hg p r e s s u r e ,  Tic13 d ispropor t iona tes  to Tic14 and 
TiClz a t  440°C (2) o r  >475"C ( 3 ) .  
Tic14 and Ti m e t a l  above 600°C at 760 mm Hg p r e s s u r e .  These  data  suggest 
that  the t empera tu re  of the CVP r e a c t o r  should be maintained above about 
425°C to prevent condensation of Tic13 but below 440" to 475°C to prevent  d i s -  
proportionation of Tic13 to the l e s s  volati le TiClz which, apparent ly ,  i s  a s table  
solid up to at l eas t  600°C. 
Ti tan ium dichlor ide d ispropor t iona tes  to 
The above findings a r e  at  l eas t  pa r t i a l ly  substant ia ted by r e s u l t s  of expe r imen t s  
react ing BC13 and T i  m e t a l  in sea led  capsu le s  (4) .  With increas ing  t e m p e r a t u r e  
up to 450"C, violet colored c r y s t a l s  (TiC13) appeared  in increas ing  quantity. 
At 475"C, the walls of the capsule  became coated with T i  meta l ,  and black c r y s -  
t a l s  (TiC12) appeared ,  At 500"C, the TiClz w a s  p re sen t  in  l a r g e r  quant i t ies .  
Looking at the ove ra l l  composi te  of the information available,  i t  appea r s  that  
the plating chamber  t e m p e r a t u r e  should be control led between 450" to 475°C. 
The plating c h a m b e r s  designed and built in the f i r s t  p a r t  of t h i s  investigation 
w e r e  a cross-f low type using r e s i s t i ve ly  heated tungsten subs t r a t e .  
b e r  development for  another  p r o g r a m  at t h i s  labora tory  had developed a chamber  
that would give high plating r a t e s ,  Th i s  i s  a chamber  in which the  plating gas  
is premixed and flows at r ight angles  a c r o s s  the subs t r a t e .  Such a r r angemen t  
provides  "fresh" gas  to each  port ion of the  subs t r a t e  and avoids the tendency, 
mos t  pronounced at low gas-flow r a t e s ,  for  gas  depletion to o c c u r  a s  it m a y  in 
parallel-flow chambers .  These  uni ts  w e r e  sa t i s fac tory  in  p rac t i ce  except fo r  
a s e v e r e  t empera tu re  gradient  on the r e s i s t i ve ly  heated s u b s t r a t e  and f iber .  
The causes  of the t e m p e r a t u r e  gradient  and methods at tempted to  ove rcome  it 
a r e  discussed below. 
ar at  ion. 
CVP cham-  
The gradient  posed a se r ious  obs tac le  t o  good f iber  p rep -  
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When diff icul t ies  w e r e  encountered with TiB2 and T i c  f i lament  p repa ra t ion  due 
to the t e m p e r a t u r e  gradient  problem, it was decided at a meet ing  on  May 20, 
1966 at  Richmond, Virginia ,  (with the  NASA P r o j e c t  Manager  and the  NASA 
Headquar te rs  Representa t ive)  to concentrate work  on p repa ra t ion  of two f i b e r s  
instead of t h r e e .  
gradient  with r e s i s t ance  heating of e lec t r ica l ly  conducting f i b e r s  ( such  a s  TiB2, 
T i c ,  and ZrB2) ,  a study be made  of the feasibil i ty of using rf subs t r a t e  heating. 
In a l a t e r  consultation with the NASA Projec t  Manager ,  it was  ag reed  that T i c  
workwould c e a s e  and s tudies  on the prepara t ion  of Z r B 2  be undertaken. 
It w a s  a l so  decided that, due to the p rob lem of t e m p e r a t u r e  
When the feasibi l i ty  study showed the rf heating to work  be t te r  than r e s i s t ance  
heating, the CVP units w e r e  redesigned f o r  r f  heating. Both C V P  units w e r e  
used for  TiB2 f i lament  prepara t ion  only, to produce as  much TiBz f i lament  as 
possible  during the r ema inde r  of the  program.  
ft of TiBz f i lament  was  made  and shipped. 
of TiB2 f i lament  was  made  and shipped. 
In th i s  production per iod,  3090 
In a supplemental  per iod ,  12, 060 ft 
The au thors  wish  to acknowledge the contributions of B a r b a r a  G. Fox, Jr .  Chem- 
i s t ,  and Paul ine  S. Crowling, Jr .  Chemist ,  who pe r fo rmed  the X - r a y  ana lyses ,  
metal lography and etching s tudies;  and of Leigh R .  Middleton, R e s e a r c h  Tech-  
nician,  and George T .  Inge, Assis tant  Technician,  fo r  t he i r  work  in assembl ing  
the equipment and operat ing the plating units. We a lso  wish to  acknowledge the 
he lp  of the analyt ical  sect ion under Dr .  J. H. Alsop and of the Ins t rument  De- 
par tment  under  Dr .  J. E. Goodwin. We wish to  thank Mr .  George F u r m a n  of 
L L l t :  IcAacz, Eesearch Center ,  E e z c c ) ~ ,  New Ynrk for special m i c r o - h a r d n e s s  
m e a s u r e m e n t s  on ce r t a in  TiB2 samples .  Of spec ia l  recognition a r e  the  accom-  
p l i shments  of George C. Robinson, J r . ,  Resea rch  Metal lurgis t ,  who worked on  
th i s  p r o g r a m  before h i s  death on  October  13, 1966. 
felt during the  r ema inde r  of the p rogram.  
L L -  T--- 
His absence  was  keenly 
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11. C V P  U N I T S  W I T H  C H A M B E R S  U T I L I Z I N G  
R E S I S T A N C E - H E A T E D  S U B S T R A T E S  
A. DESIGN CONSIDERATIONS 
When e lec t r ic  r e s i s t ance  heating i s  used to heat the subs t r a t e ,  the e l e c t r i c a l  
p rope r t i e s  of the subs t r a t e  and deposit  have an important  effect on the  des ign  
of the plating chamber .  As  the subs t r a t e  moves  through the plating chamber ,  
the thickness of the deposit  i n c r e a s e s .  If the r e s i s t ance  of the deposi t  is much 
higher  than the r e s i s t ance  of the subs t r a t e ,  heat i s  genera ted  most ly  in the 
subs t r a t e  at a nea r ly  constant r a t e  along the length of the chamber .  However, 
if the res i s tance  of the deposit  is low and approaches  that of the subs t r a t e ,  the 
heat  generation r a t e  at a given c u r r e n t  d e c r e a s e s  a s  the deposit  thickens so 
that ,  inherently, the t empera tu re  of the f iber  d e c r e a s e s  f r o m  the en t rance  
e lec t rode  to the exit  e lectrode.  
because the plating efficiency ( m a s s  of deposit  laid down p e r  unit length of 
chamber  f o r  a given subs t r a t e  speed)  i s  low and the var iab le  deposit ion t e m -  
p e r a t u r e  could cause  a r a d i a l  var ia t ion in the composi t ion and p r o p e r t i e s  of 
the f iber .  
Th i s  t e m p e r a t u r e  gradient  i s  ve ry  undes i rab le  
The  specific r e s i s t a n c e s  of s e v e r a l  subs t r a t e  m a t e r i a l s  and depos i t s  a r e  p r e -  
sented in Table I. 
found in the l i t e r a tu re .  Where two values  w e r e  found fo r  a given m a t e r i a l ,  one 
of the values was  se lec ted  on an a r b i t r a r y  bas i s .  Note that the specif ic  r e s i s -  
t ances  of ZrB2, TiB2, and T i c  a r e  appreciably lower than the r e s i s t a n c e s  of 
B, S i c ,  and B4C. These  l a s t  t h r e e  m a t e r i a l s  have been successfu l ly  p r e p a r e d  
as f i b e r s  by C V P  on a continuous b a s i s .  The  r e s i s t i v i t i e s  of the f i r s t  group,  
a s  wel l  a s  the ca rb ides  and bor ides  of the subs t r a t e  m a t e r i a l s ,  a r e  all c h a r a c -  
t e r i s t i c  of meta l l ic  conductors .  They a r e  genera l ly  of the s a m e  o r d e r  of mag-  
nitude as the m e t a l s  both at  r o o m  t e m p e r a t u r e  and at  e levated t e m p e r a t u r e s .  
The B, S i c ,  and B4C a r e  cha rac t e r i s t i c  of semiconductors  that  have ve ry  high 
res i s t iv i ty  at  room t e m p e r a t u r e  and, although res i s t iv i ty  d e c r e a s e s  a t  e levated 
tempera ture ,  it i s  s t i l l  about 1000 t i m e s  higher  than the me ta l l i c  conductors .  
In s o m e  instances,  the  values given a r e  the only values  
The  data  presented  in Table  I w e r e  used to compute the pe rcen t  of to ta l  power 
p e r  unit length of f iber  which i s  genera ted  in the co re ,  and the r a t io  of the r e -  
s i s tance  of the  subs t r a t e  to the r e s i s t a n c e  of the f ibe r  fo r  s e v e r a l  f iber  m a t e -  
r i a l s .  Note that  f o r  
TiB2, Z r B 2 ,  and T i c  f ibe r s ,  mos t  of the power i s  genera ted  in the deposit  even 
when the subs t ra te  a r e a  const i tutes  25  percent  ( 2 - m i l  subs t r a t e )  of the total  
f iber  a r ea .  Because  the deposi ts  a r e  re la t ive ly  good conductors ,  i t  i s  apparent  
that  the t empera tu re  of TiBZ, ZrBz,  and T i c  f i b e r s  wi l l  d e c r e a s e  f r o m  the en-  
t r a n c e  electrode to the exit e lec t rode  f o r  a given cu r ren t .  Th i s  f ac to r  mus t  be 
The r e s u l t s  of these  computations a r e  given in  Table  11. 
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Table I 
ELECTRICAL RESISTANCE O F  FIBER MATERIALS 
Specific Resis tance C oeff ic ient  of Specific Res is tance  
t~ ohm-cm Elec t r ica l  Res is tance  t~ ohm-cm 
a t  1000" C Mater ia l  R ef. a t  20°C deg- '  . l o 3  
Subs t ra tes  
W 6 -3  5 . 5  - 
W2B5 7 4 3  
w c  7 19. 2 
4 . 2 6  
0 . 5  
w2c 7 75 .7  1 .95  
Ta 11 1 2 . 4  
TaB 7 100 
TaB, 7 37 .4  
TaC 9 42. 1 
Conductive Deposits 
TiBz 7 14 .4  
Z r B z  7 16. 6 
T i c  8 7 6a 
Semi  Conductive Deposits 
B 7, 10 1 . 7  x 10 
12 
S iC 7 1 . 3  io7 
B4C 7 1 x 106 
2. 78 
1 . 7 6  
1. 16 (Ref. 7) 
30 
20Ob 
b 
b 
30 
200 
54 
- 
90 
5 Ob 
b 
5 0  
b 
200 
25, 000 
>50, 000 
30, 000 
a 
b 
Average of six repor ted  values (90, 70, 65, 84, 78) p o h m - c m  
Computed 
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N 
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4 
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considered in  the design of the plating chamber  so that appropriate  s t eps  can  
be made  to  minimize  the t empera tu re  gradient. 
In conventional r e s i s t ance  heating of the substrate  and f ibe r  where  cu r ren t  is 
supplied through m e r c u r y  "T" electrodes,  the subs t ra te  mus t  be capable of 
ca r ry ing  the cu r ren t  requi red  to  heat  the f iber .  
r e s i s t ance  of a 0. 5 -mi l  d i ame te r  substrate  is  an o r d e r  of magnitude higher  
than the r e s i s t ance  of 4 -mi l  d iameter  f ibers  of TiBz, ZrBZ,  o r  T i c .  
m e a n s  that the heat generat ion r a t e  in that p a r t  of the s u b s t r a t e  lying between 
the en t rance  electrode and the point where deposit ion begins is an  o r d e r  of 
magnitude g r e a t e r  than the heat generation in the 4 -mi l  d i ame te r  f iber  itself. 
Since the cu r ren t  r equ i r emen t s  are based on maintaining the f iber  a t  a tem- 
pe ra tu re  of 1000" to  1200"C, the tempera ture  of the lead-in subs t ra te  w i l l  be 
significantly higher .  As Table I1 shows, this  effect can  be minimized by using 
l a r g e r  d i ame te r  ( lower res i s tance)  substrate  but t h i s  is not considered d e s i r -  
able f r o m  a n  o v e r a l l  standpoint because of the potentially g r e a t e r  influence the 
l a r g e  volume of s u b s t r a t e  would have on  the p rope r t i e s  of the f iber .  We would 
anticipate that the f ibe r  would be weaker  and would have lower meta l lurg ica l  
s tabi l i ty  at  higher t empera tu res .  
s t r a t e  m a t e r i a l  which h a s  a lower specific r e s i s t i v i ty  than tungsten. 
nately, a l l  of the o ther  metals that have significantly lower r e s i s t i v i t i e s  are  
not suitable subs t ra tes ,  p r i m a r i l y  because of their low melting t e m p e r a t u r e s  
In Table  I1 it is noted that the 
Th i s  
Another possible  aid would be to use a sub- 
Unfortu- 
( -  1000"c) .  
Expe r imen t s  w e r e  conducted to  determine if  t he  subs t ra te  between the e l ec -  
t rode  and plating zone could be gas  cooled: 
set-up. The  flow of hydrogen requi red  to keep the subs t ra te  t empera tu re  a t  
1000°C fo r  var ious cu r ren t  ra t ings w a s  determined. The  r e s u l t s  a r e  shown 
be low : 
Fig. 1 shows the exper imenta l  
Without With 
Cur ren t  , Cooling Gas,  Cooling Gas,  Cooling Gas  Flow, 
A m p s  " C  " C  c c /min 
0. 30 1100 1000 395 
0. 33 1200 1000 7 7 0  
0. 35 1400 1000 1800 
It has been establ ished experimental ly  (1) that it t akes  about 1. 5 a m p s  to  heat 
a 4 -mi l  d i ame te r  TiBz f i b e r  to  1100°C in a plating g a s  flow of 1000 to  2000 
cc/min.  I t  is obvious f r o m  these data that the cooling g a s  flow f o r  1. 5 a m p s  
- 7 -  
DIA. GLASS TUBE 
Hg ELECTRODE 
Fig .  1 Exper imenta l  Set-up for Substrate Cooling Exper imen t s  
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would be many t i m e s  the flow of plating gases  ( -2000  cc /min)  normal ly  used.  
Thus,  dilution of the plating gases  as w e l l  a s  hydrogen consumption would 
prohibit  such an a r r angmen t  to be employed. 
W e  a l so  concluded that the m e r c u r y  "T" electrodes,  shown in Fig.  1, could 
not be used f o r  TiBz and T i c  without great  difficulty, a t  l eas t  in the f i r s t - s t age  
plating chambers .  Because of possible  react ions between the plating g a s e s  
and m e r c u r y ,  and because the plating chamber  would have to be heated to 
about 475°C t o  prevent  condensation of TiC13, the m e r c u r y  electrode m u s t  be 
isolated by a purge g a s  to  prevent unwanted reac t ions  with the plating gases .  
It mus t  a l so  be sepa ra t ed  f r o m  the plating chamber  to prevent  excess ive  va- 
porizat ion of the mercu ry .  Thus,  overheating of the subs t r a t e  in this  region 
would severelylimit  the s i ze  of f iber  that  could be made in a single chamber .  
The da ta  presented  above suggests  that a deposit equivalent to an inc rease  in 
c u r r e n t  of only about 0. 05 to 0. 1 amps  could be produced in a single chamber .  
Producing f i lament  r e q u i r e s  good operabili ty and high production r a t e s ,  two 
f a c t o r s  which ult imately w e r e  evaluated by operat ing experience.  
is  important  to consider  these fac tors  in  the plating chamber  design so that 
f a t a l  design decis ions a r e  avoided. 
s eve re ly  hamper  rest r inging of the substrate,  cause excess ive  a rc ing  between 
subs t r a t e  and the e lec t rodes ,  o r  cause excessive downtime due to mis- 
application of g lass  and other  f rag i le  construction ma te r i a l s .  Prev ious  ex-  
per ience  with the prepara t ion  of TiBz and T i c  f ibe r s  on a batch bas is  revealed 
that deposit ion r a t e s  are  quite low for  these two s y s t e m s  (1).  Usually seve ra l  
minutes  deposit ion t ime  was  requi red  to  produce 4- to 5 -mi l  d iameter  f ibers .  
Emphas i s  was  placed on incorporating design f e a t u r e s  which would inc rease  
production r a t e s .  Pa r t i cu la r  in te res t  was focused on reducing the t h e r m a l  
gradient  between e lec t rodes  to an absolute minimum so that as  much of the 
subs t r a t e  as  possible  would be at  o r  near  the deposition t empera tu re .  
However, it 
These would include those that would 
In summary ,  the following f ac to r s  w e r e  considered in the design of the CVP 
reac to r  for  res i s t ive ly  heated subs t ra tes :  
1. T h e  r eac to r  must  be heated to about 450" to 500°C to prevent  conden- 
sation of TiC13 and low-volatility reaction products  on the  wal ls  of the deposi-  
t ion chamber  
2. The  dis tance between the electrode and the point where  deposition be- 
gins  mus t  be held to a min imum ( l e s s  than about 1/8 in. ) to avoid overheating 
of the subs t r a t e  in th i s  region 
3 .  T h e r e  mus t  be unobstructable visibility of the fi lament so that i t s  
t e m p e r a t u r e  can be monitored o v e r  i ts  ent i re  length 
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4. The electrode m a t e r i a l  mus t  have low volatility at  operat ing t e m p e r a -  
t u r e s  and either be chemical ly  r e s i s t an t  to the plating gases  o r  separa ted  f r o m  
the plating g a s e s  
5 .  
per iods  of t ime because it will  be used f o r  production as  well  as p r o c e s s  de-  
ve lopment 
6. 
The reac tor  should be capable of sa t i s fac tory  operation fo r  substant ia l  
Design f e a t u r e s  which will  increase  production r a t e s  should be em- 
phas ized .  
B .  PLATING CHAMBER DEVELOPMENT 
The  requi rements  outlined above led to the development of the plating chamber  
concept shown in Fig. 2 .  A cross-f low type chamber  ( i .  e . ,  the flow of plating 
g a s e s  perpendicular to  the axis  of the subs t r a t e )  is external ly  heated and 
equipped with internally cooled standpipe e lec t rodes  which make  contact with 
the substrate  through the liquid me ta l  meniscus  on top of the e l ec t rode .  The  
meniscus  is shielded f r o m  the plating g a s e s  by a flow of purge gas  emerging  at 
high velocity f r o m  the annular space  surrounding the electrode.  
heating of the liquid me ta l  i s  prevented by the high flow of purge g a s  o r  by in- 
t e r n a l  water cooling, if necessa ry .  The plating g a s e s  en ter  a t  the bottom of 
the chamber  and a r e  dis t r ibuted evenly along the length of the s u b s t r a t e  by a 
close packing of g l a s s  mic rosphe res .  The s u b s t r a t e  e n t e r s  and d i scha rges  
f r o m  the chamber  through m e r c u r y  s e a l s  which a re  sufficiently removed f r o m  
the chamber so  that heat  will  not cause vaporization of the m e r c u r y .  
g a s  is introduced at  each  of the s e a l s  to prevent  plating gases  f r o m  e i the r  con- 
densing on the s e a l  o r  react ing with the m e r c u r y .  
chamber  is  heated by e l e c t r i c a l  t apes  to  a t e m p e r a t u r e  above 200" to  250°C to 
prevent  condensation of the r eac t an t s .  
500" C with suitably insulated, custom-made,  form-fi t t ing hea ter  panels .  The  
chamber  is constructed of s t a in l e s s  s t e e l  while the electrode shields  and m e r -  
cu ry  sea l s  a r e  of g l a s s .  The subs t ra te  is made  visible by a Vycor window in-  
s ta l led  on the front face of the chamber .  This  i s  offset f r o m  the hot chamber  
to  prevent overheating of the O-r ing s e a l  in the window. 
Excess ive  
P u r g e  
The  lower plenum of the 
The  upper plenum i s  heated to 450" to  
A prototype ( M a r k  I) of t h i s  plating chamber  concept w a s  built and tes ted .  At- 
t empt s  to  u s e  Cerrolow 117 ( a  low melting (47°C)  alloy with a low vapor p r e s -  
s u r e  a t  500°C)  a s  the e l e c t r i c a l  contact w e r e  unsuccessful  in that the m a t e r i a l  
oxidized rapidly above 100"  C during handling. 
successfully a s  the e l e c t r i c a l  contact a f t e r  a t tempts  to  cool the m e r c u r y  with 
he l ium gas failed. Th i s  plating chamber  w a s  used  f o r  the prepara t ion  of boron 
and T iBz  fi lament to identify i t s  p rob lems  under  ac tua l  plating conditions. 
p roblems were  encountered with the heating of the chamber  o r  with maintaining 
the mercu ry  t empera tu re  at  6 0 ° C  o r  lower.  However,  the t empera tu re  prof i le  
along a 1-mil  tungsten subs t ra te  w a s  ve ry  poor .  
3 / 2  in. long, depending on f i lament  speed, o c c u r r e d  adjacent to  the en t rance  
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Water-cooled m e r c u r y  w a s  used 
No 
A hot spot, perhaps  1/8 to 
PLATING 
GAS 
- I 2" 
CHAMBER 
PURGE 
GAS 
PURGE 
GAS 
5 LIQUID METAL 5 
ELECTRICAL 
SUBSTRATE MO 
ELECTRODE SHIELD 
.f PURGE GAS 
GLASS MICROPHERES, 
TO DISTRIBUTE GA;ES- I/ ~~ 
PURGEGAS + ! I  
TEI-1455 
NOTE: 
PLATING 
GAS CHAMBER IS ABOUT I" THICK 
'ION - 
Fig. 2 Salient F e a t u r e s  of Cross-Flow Plat ing Chamber with Standpipe 
E lec t rodes  
- 1 1 -  
e lec t rode  af ter  which the t e m p e r a t u r e  dec reased  gradual ly  over  the r e s t  of the 
heated substrate .  
it was  50"to 100°C higher than the hot ter  end of the gradient while the gradient 
itself w a s  100" to 200°C. 
the length of the heated subs t ra te .  
When the hot spot t e m p e r a t u r e  w a s  maintained at 11 00" C, 
Thus,  the t e m p e r a t u r e  var ied 150" to 300°C along 
Another p rogram at T E I  demonst ra ted  that,  below some  cr i t ica l  gas  flow, the 
gases  leaving a heated w i r e  in a cross-f low chamber  rec i rcu la ted  around the 
wi re .  We believed that the recirculat ion should be avoided because the la rge  
quantit ies of Tic13 produced and the decomposition products  of hydrocarbons  
could adversely affect the deposition p rocess .  We also believed that bet ter  ex- 
per imental  repeatabil i ty could be rea l ized  if the heated w i r e  w e r e  exposed to 
a s t reamlined flow over  the gas-flow range of in te res t ,  
To study the gas-flow pa t te rns  within the plating compar tment ,  a plast ic  model  
of the chamber  was  built. Cigare t te  smoke,  diluted with a i r  and helium, was  
used to reveal  the  flow pa t te rns .  These  t e s t s  showed that s eve re  recirculat ion 
o c c u r r e d  around the e lec t rodes  when the subs t ra te  w a s  hot and that gas  s u r -  
rounding the heated fi lament a lso swir led and circulated a c r o s s  it.  In addition, 
it w a s  demonstrated that the lower plenum should be filled with sphe res  1 / 1 6  
in. o r  less  in d iameter  r a t h e r  than the 1/4 in, d i ame te r  sphe res  or iginal ly  
used.  
The  M a r k  I plating chamber  w a s  then modified by nar rowing  the exhaust plenum 
f r o m  1 to 1/8 in. to produce a chimney effect above the subs t ra te .  
e lec t rodes  w e r e  isolated f r o m  the react ion zone by thin baffle p la tes  containing 
1 /8  in. holes to allow t r ave l  of the subs t ra te  w i re  through the plating chamber .  
The  volume surrounding the e lec t rodes  was  purged  with iner t  gas  to prevent 
seepage of plating gases  into th i s  region. 
of the modified chamber  showed that the flow w a s  s t reaml ined  over  the flow 
range of interest  (500  to 3000 cc /min)  when the subs t ra te  was  heated. 
Also, the 
Smoke t e s t s  in a plast ic  model  (Fig,3) 
F r o m  exper iments  run  on the modified M a r k  I chamber ,  information was  ob- 
tained to design the plating chamber  shown in F i g .  4. This  unit, Mark  11, is 
very  s imi la r  to the modified M a r k  I model ,  except that  minor  ref inements  of 
the basic  design w e r e  incorporated,  
the plating region except for  a 1/8 in. d i a m e t e r  hole through which the subs t ra te  
pas ses .  Purge  gas  i s  introduced to the e lec t rode  holes  at the m e r c u r y  sea l s  
and at the bottom of the g l a s s  e lec t rode  insulator .  By regulating the valve at  
the top of the electrode insulator ,  a slight p re s suze ,  posit ive with r e spec t  to 
the plating region, i s  maintained so that t he re  i s  a s m a l l  flow of purge  gas  into 
the plating region. 
region and react ing with the m e r c u r y .  
The m e r c u r y  e lec t rodes  a r e  isolated f r o m  
This  prevents  plating gases  f r o m  enter ing the e lec t rode  
- 12-  
Fig. 3 Apparatus f o r  Studying Gas-Flow Pa t t e rns  in Modified Mark I 
Reactor 
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The electrode insulator  i s  composed of two p ieces  of g l a s s  tubing which mee t  
at the subs t ra te  center l ine.  A notch in the top tube s e r v e s  a s  a guide fo r  the 
subs t ra te  and keeps the subs t ra te  in contact with the m e r c u r y  meniscus .  This  
a r e a  i s  not visible f r o m  the la rge  window in the plating region so 3 /8  in. di-  
a m e t e r  Vycor windows a r e  provided in the chamber  wall  adjacent to the m e r -  
cu ry  meniscus ,  thereby permitt ing observation of the Hg men i scus  and sub- 
. s t r a t e  contact.  
The window in the front face of the chamber w a s  improved a s  shown in Detail 
B. 
nozzle and sealed by an O-r ing .  The inside edge of the Vycor plate i s  ad- 
justed so that it i s  f lush with the inside face of the chamber .  
t ion has  l e s s  effect on the flow pa t te rn  of the plating gases  than the Mark  I 
window nozzle which was  open. 
t e m p e r a t u r e  cor rec t ion  which var ied f rom 40" to 70°C. 
p e r a t u r e s  repor ted  for  the cross-f low units contain this  correct ion.  
- A Vycor plate with pa ra l l e l  and polished edges i s  mounted in the window 
This  configura- 
Each  of the Vycor  p la tes  w a s  cal ibrated fo r  
I 
The filament t e m -  i 
I 
E l e c t r i c a l  th ru-connectors  a r e  provided in the back of the chamber  about 1/4 
in. below the center l ine of the subs t ra te .  These  supply power to heating 
e l emen t s  located beneath the substrate .  The purpose  of the heating e lements  
is to r a i s e  the t e m p e r a t u r e  of the cooler  end of the subs t ra te  and thus l e s sen  
the t e m p e r a t u r e  gradient along the substrate .  
The  lower p a r t  of the chamber  i s  heated to about 200°C by c o m m e r c i a l  hea te r  
tape that i s  covered  by 1-1/2 in. thick insulation. The region of the chamber  
above the subs t ra te  i s  heated to 450" to  475°C by special  hea te r  panels com-  
posed  of r e s i s t ance  heating wi re  and Sauereisen No. 31 molded to conform to 
the configuration of the chamber .  
1 / 2  in. thick insulation. Thermocouples  a r e  attached to the upper  and lower 
regions to p e r m i t  the n e c e s s a r y  tempera ture  control  of the chamber .  
The upper region i s  a lso covered  with 1- 
C. PROCESS DEVELOPMENT UNITS 
TWO p r o c e s s  development CVP units of identical design w e r e  constructed (F ig .  
5).  Provis ion  w a s  made  for  one substrate  off-gassing chamber  and two plating 
c h a m b e r s  (as  shown). 
tension, pay-off and take-up mechan i sm which t ranspor ted  the subs t ra te  
through the c h a m b e r s ,  
b e r s  p r i o r  to  the i r  en t ry  into the plating chamber .  
pas sed  through a f lash vaporizer  before entering the mixing chamber .  
f l a s h  vapor izers ,  mixe r s ,  and gas  l ines  leading to the plating c h a m b e r s  w e r e  
wrapped with res i s tance- type  heating wire and w e r e  heated to 200°C to vaporize 
and prevent  condensation of the TiC14. 
used to provide cu r ren t  to one hydrogen treating c h a m b e r  and two CVP c h a m b e r s  
in each unit. 
Each  unit w a s  equipped with a var iable-speed,  constant-  
The gases  passed through r o t a m e t e r s  into mixing cham-  
Liquids such a s  Tic14 w e r e  
The  
Three power supplies p e r  unit w e r e  
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NT TENSION 
Fig. 5 Chemical  Vapor Plating Units 
Note: The r e a c t o r s  a r e  shown without h e a t e r s  and insulation 
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D. OPERABILITY O F  CVP UNITS 
Severa l  p r o b l e m s  w e r e  encountered during the init ial  expe r imen t s  conducted in 
the cross-f low c h a m b e r s  for  the preparat ion of TiB2 fi lament.  The f i r s t  prob-  
l e m  was  the formation of a hot spot on the incoming subs t ra te  just  inside the 
CVP region. Severa l  fac tors  w e r e  found which influence the intensity of the 
hot spot. Higher BC13 concentrations in  the CVP g a s  mixture  increased  the 
hot spot intensity, while the use of a rgon  in place of he l ium a s  the diluent g a s  
resu l ted  in virtually no hot spot formation. The use  of l a r g e r  d i ame te r  sub- 
s t r a t e s  a l so  diminished i t s  intensity. 
The second p rob lem w a s  that of a l a rge  tempera ture  gradient on the subs t ra te .  
Although the hot spot was  diminished, a t empera ture  gradient of approximately 
300°C o c c u r r e d  along the substrate ,  and to help alleviate this  problem,  ex- 
p e r i m e n t s  with a heating element  beneath the subs t ra te  w e r e  conducted. 
The heating e l emen t s  a r e  1/8 in,  diameter  coi ls  of 10-mil  d i ame te r  tantalum 
wi re  on boron ni t r ide c o r e s  with var iable  coil  pitch to vary the l inear  heat 
generation along the substrate .  
When plating on a 1 -mi l  tungsten substrate ,  the use of the heating element r e -  
duced the gradient  f r o m  300" down to 150"  o r  100°C depending on the plating 
ra te .  
e lectrode)  w a s  se t  a t  1100°C. The reduction in the t e m p e r a t u r e  gradient did 
not improve  the deposition r a t e  substantially. 
deposition r a t e  of TiB2 f r o m  BC13-TiClq-Hz mix tu res  d e c r e a s e s  very rapidly 
below 1100°C and i s  insignificant a t  9 5 0 ° C  for  the tes ted  res idence  t i m e s  of the 
subs t ra te  in  the r eac to r .  
This  w a s  when the incoming substrate  t e m p e r a t u r e  (adjacent to the inlet 
These  findings suggest that the 
The  m a j o r  cause  of f i lament  breakage in operating the cross-f low chambers  
w a s  re la ted  to the exhaust gas  sys tem.  To prevent  a i r  pollution, the exhaust 
g a s e s  a r e  scrubbed  p r i o r  to the i r  re lease  to  the a tmosphere  by react ing t h e m  
with wa te r  and l imestone in a scrubbing tower. The  exhaust l ines  leading into 
the sc rubbe r  frequently became plugged, result ing in a p r e s s u r e  build-up in- 
side the plating chambers .  This,  in turn,  caused  the Hg sea l s  to blow and the 
subs t ra te  to burn out. In addition, the l o s s  of the sea l s  r e l eased  the p r e s s u r e  
in the e lec t rode  a r e a s  of the c h a m b e r s  which permit tedthe CVP gases  to con- 
taminate  these  a r e a s  by hydrolyzing and coating the e lec t rodes  and windows 
with oxides.  
The above p rob lem was  overcome by installation of water -cooled  t r a p s  in each 
exhaust l ine to condense the TiC14 and prevent i t s  buildup in low points in the 
exhaust l ines  (where it eventually hydrolyzed). A w a t e r  a sp i r a to r  was  also 
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added to  the scrubbing s y s t e m  which p laces  the exhaust s y s t e m  under  a s l ight  
negative p r e s s u r e  and keeps the CVP g a s e s  flowing through the  c h a m b e r s  
with considerably l e s s  fluctuation of both flow and p r e s s u r e .  
Other  causes  of f i lament  breakage w e r e  malfunctions of the let-off and take-  
up reels. The  constant tension device on  the  let-off reel  occasional ly  j e rked  
the substrate ,  causing it to break.  The take-up r e e l  mechan i sm induced v i -  
bration into the subs t r a t e .  
a t  one o r  more  of the e lec t rodes  and frequent ly  resu l ted  in fi lament breakage.  
If the vibration w a s  excess ive ,  a rc ing  o c c u r r e d  
Damping 
and the take-up r e e l  mechan i sm w e r e  changed to  pe rmi t  the d r i v e  moto r  to  run  
at  a higher speed, thereby eliminating m u c h  of the jerking experienced e a r l i e r .  
w a s  used  to  reduce  the vibration of the fi lament.  The g e a r  r a t i o s  
In l a t e r  experiments  the mercu ry - f i l l ed  e lec t rodes  in the Mark  I1 models  
w e r e  replaced with solid e lec t rodes  made  f r o m  1/4 in. d iameter ,  s t a in l e s s  
s t ee l  rods .  These  e lec t rodes  worked successful ly  when a hydrogen a tmos -  
phe re  w a s  kept around the e lec t rode-subs t ra te  contact in both TiBz and T i c  
fi lament preparat ion.  In argon atmospheres ,  some arc ing  took p lace  a t  the 
contacts.  
s m a l l  air leaks around windows n e a r  the e l e c t r i c a l  contacts.  
This  phenomenon is not fully understood, but is possibly re la ted  to 
The successful  u se  of solid e l e c t r i c a l  contacts  in prepara t ion  of f i lament  which 
has good e l ec t r i ca l  conductivity (as  do TiB2 and T i c )  is an important  contr i -  
bution toward future  CVP chamber  designs:  t he i r  u se  in heated C V P  c h a m b e r s  
would great ly  simplify the design. 
E. FILAMENT PREPARATION IN CROSS-FLOW PLATING CHAMBERS 
TiB2 Fi lament:  
the cross-f low chambers .  These  included var iab les  such a s  s u b s t r a t e  type 
and s ize ,  g a s  composition, and t e m p e r a t u r e  conditions. Deposits w e r e  made  
f r o m  CVP g a s  mix tu res  containing H29 BC13, TiClqP and He o r  Ar .  
Severa l  a spec t s  of the TiBz deposition p r o c e s s  w e r e  studied ip 
All  of the experiments  w e r e  run  on 2. 0-mil  d i ame te r  T a  w i r e  or on 0. 5- o r  
1. 0 -mi l  d iameter  W wire ,  The  hot spot and t e m p e r a t u r e  gradient  p rob lems  
descr ibed  e a r l i e r  w e r e  m o r e  s e v e r e  when the s m a l l e r  d i ame te r  subs t r a t e s  
w e r e  used. Therefore ,  it w a s  decided shor t ly  a f t e r  exper iments  began on 
TiB2 preparat ion to use  2 -mi l  d i ame te r  T a  w i r e  as  the subs t ra te  in future  ex- 
per iments .  The  t empera tu re  range  of 1150" to  1175°C w a s  found to  produce 
the highest TiBz deposition r a t e  without format ion  of weak  deposi ts  of high 
crystal l ini ty .  If the incoming T a  subs t ra te  t e m p e r a t u r e  w a s  maintained a t  
1175"C, a 150°C t empera tu re  gradient  occu r red .  Under these  conditione a 
f inal  d iameter  of 3 ,  5 mils w a s  obtained when the two c h a m b e r s  w e r e  used 
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with a subs t r a t e  speed of 6 in. /min  and a BCl3/TiC14 mole  r a t io  of 5 : l .  
mole  r a t io  of 2:1, the max imum f iber  diameter  obtained w a s  3 .  1 mi ls .  
At a 
At BC13/TiC14 r a t io s  below 2:1, the deposition r a t e  w a s  ex t r eme ly  low, while 
at  r a t i o s  above 2 : 1 ,  although the deposition r a t e s  i nc reasedp  the deposi ts  tend 
to be r i c h  in boron with considerable  loss  in s t rength.  Thus  it appea r s  d e s i r -  
able to use  the highest  BC13/TiC14 ra t io  which wil l  deposit  s toichiometr ic  TiB2. 
Indications a r e  that this  ra t io  i s  n e a r  2 : l  BC13/TiC14. 
m o r e  des i r ab le  than hel ium a s  a diluent because higher  deposit ion r a t e s  occur  
h a s  not been recognized at  th i s  t ime.  
. 
Argon was  found to be 
, with argon,  which also e l imina tes  the hot spot problem. The r eason  f o r  t h i s  
Photomicrographs  of c r o s s  sec t ions  of the TiB2 fi lament p r e p a r e d  in the c r o s s -  
flow c h a m b e r s  always show that the deposit cons is t s  of s e v e r a l  dist inct  l aye r s  
( s e e  F ig .  6 ) .  In polishing the spec imensp  it was  noted that the h a r d n e s s  of the 
l a y e r s  is different .  
in tu rn ,  m a y  be re la ted  to the tempera ture  gradient along the length of the 
heated subs t r a t e .  
Because the composition of the l aye r s  i s  different th i s ,  
Two l aye r s  a r e  known to deposit  in each  of the two chambers .  
None of the f i lament  produced w a s  of good quality.  
smooth and opt ical ly  ref lect ive,  but the surface perfect ion achieved with the 
batch f i b e r s  in r e fe rence  (1) w a s  not obtained. In gene ra lp  the tens i le  s t rength 
of the f i lament  w a s  quite low (<75, 000 psi). 
known but t h e r e  a r e  a t  least  t h r e e  possibi l i t ies  which w e r e  believed to contr ib-  
ute to  the low quality:  
Some of the fi lament was  
The cause  of t h i s  w a s  not wel l  
1. T h e  c rys ta l l i t e  s i ze  was  l a rge  compared to that of the higher  quali ty 
TiBz  r epor t ed  in r e fe rence  (1 ) .  However, the same deposit ion t empera tu re ,  
g a s  composition, and g a s  velocity reported in r e fe rence  (1) to p r e p a r e  
h igher  quali ty TiBz f i b e r s  w e r e  a l so  used h e r e .  
2. 
plating unit (< 1 min  compared  to about 15 min  in the batch expe r imen t s  
( r e f e r e n c e  l ) ) ,  diffusion into the core  o r  reac t ion  with the c o r e  was  not 
a s  g r e a t  in the continuous f i lament .  Th i s  suggested that  preforming  of 
the subs t r a t e ,  longer r e s idence  t imes  a t  t e m p e r a t u r e  ( lower  f i lament  
speeds  o r  longer chambers ) ,  and post-heat t r ea tmen t  of the fi lament 
should be evaluated as m e a n s  of promoting m o r e  interact ion between the 
s u b s t r a t e  and deposit .  
Due to the shor t  res idence  t ime  at t e m p e r a t u r e s  in the continuous 
3 .  
o v e r a l l  f i lament .  
answer  to th i s  problem. 
T h e  layer ing of the deposi ts  may have had a weakening effect on the 
Reduction of the tempera ture  gradient  m a y  be an  
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Fig .  6 Photomicrograph of Typical  Two Reactor  T 
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B, Fi lament  
T i c  F i lament :  
T i c  f i lament  preparat ion using CVP gas  mixtures  containing HZ, TiCl,, 
n-C4Hlo, and He o r  Ar.  
meter W and 2. 0 -mi l  d i ame te r  Ta wi re .  
A few experiments  w e r e  run in the c ross - f low r e a c t o r s  on 
Substrate  mater ia l s  included 1. 0 -  and 1. 5 -mi l  d i a -  
T o  deposi t  TIC, i t  was  necessa ry  to  hea t  the incoming subs t ra te  to 1300 to 
1350°C. 
e i the r  a 2:l o r  1: 1 TiCl4/n-C4Hlo ratio,  and using a 2-mi l  d i ame te r  subs t ra te  
a t  6 in. / m i n ,  a final f i lament  d i ame te r  of approximately 4 mil s  was  obtained 
when two C V P  r e a c t o r s  w e r e  employed. The use  of the tungsten subs t r a t e s  
resul ted in final f i lament d i a m e t e r s  of 3. 0 to 3. 5 mi l s .  
r a t io  resul ted in smoother  deposi ts  than the 2: 1 ra t io .  
A 200°C t empera tu re  d r o p  occurred in each  r e a c t o r  a c r o s s  the 
* C V P  region of the subs t ra te .  Under these t empera tu re  conditions, with 
The 1:l TiC1,/n-C4Hl0 
Photomicrographs  of c ross -sec t iona l  a r eas  of the T i c  f i lament  (F ig .  7 )  show 
format ion  of a poorly defined l aye r  i n  each r eac to r  which i s  not a s  pronounced 
a s  in  the TiBz  deposition. It appears  that, a f te r  a s izable  quantity of T i c  
deposit ion occur s ,  possibly a thin l aye r  of graphi te  deposi ts  on the subs t ra te  
a s  i t  pas ses  through the cooler  tempera ture  region. 
porosi ty  in the deposit .  
The re  i s  a l so  considerable  
None of the T i c  deposi ts  produced showed good adherence  to the subs t ra te .  
X- ray  examination of the f i lament  failed to de tec t  carb ides  of Ta  o r  W, 
which indicates  l i t t le  o r  no subs t ra te  conversion had occurred .  
o ther  pro jec ts  within the Company has  shown a s t rong  relat ionship between 
inc reased  tens i le  s t rengths  and the amount of subs t ra te  conversion. 
general ly  believed that a lack of conversion r e su l t s  in  poor bonding between 
the deposi t  and subs t ra te .  
f i lament  prepara t ion  in the cross-f low reac to r s  w e r e  the s a m e  a s  those d i s -  
cussed  under  TiBz f i lament  preparat ion.  
Work on 
I t  i s  
Many of the problems associated with the TiC 
F. OTHER METHODS OF SUBSTRATE HEATING 
The  t empera tu re  gradient  problem, although i t  could be ame l io ra t ed  in some  
d e g r e e  by the var ious techniques discussed, could not be sufficiently e l imi-  
nated while using res i s t ive ly  heated subs t ra tes .  
heating in o ther  p rograms  in  this laboratory led us  to examine this technique. 
We recommended tothe NASA P r o j e c t  Manager and the NASA Headquar te rs  
Representa t ive  that we make a feasibil i ty t e s t  using rf heating. This  t e s t  
indicated a good probability of success  and i t  was  mutually agreed to convert  
o u r  plating units to this p r o c e s s .  This  conversion and the r e su l t s  a r e  p r e -  
sented in  Section IV. Meanwhile, during the obtaining of suitable rf gene ra -  
t o r s  and building of the plating units, work was  c a r r i e d  out on a batch unit 
f o r  making pa rame te r  s tudies  to a s s i s t  in the subsequent continuous prepara t ion  
of TiBz and T i c .  The batch work  is descr ibed in the following Section 111. 
Success  of rf subs t ra te  
-21-  
F i g .  7 Photomicrograph of Typical  Two Reactor  T i c  Fi lament  
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111. B A T C H  P L A T I N G  O P E R A T I O N S  
The p r i m a r y  purpose of the batch experiments  was  to de t e rmine  effective 
conditions to be used f o r  continuous preparation of TiBz and T i c  fi lament.  
This plating unit consisted of a horizontal, parallel-flow reac to r  and an  
outgassing chamber .  The r eac to r  was  1-in. OD and had a 12 in. space  bet- 
ween e l ec t rodes ;  i t  was  enclosed in  an oven constructed f r o m  asbes tos  in-  
sulation over  a meta l  f r a m e .  
through which f iber  t empera tu res  w e r e  monitored with an optical  pyrometer .  
The f ront  of the oven contained a Vycor window 
S t r ip  h e a t e r s  w e r e  used to  hea t  the oven and the e lec t rodes  w e r e  made f r o m  
1/4- in .  d i ame te r  s ta in less  s t ee l  rods  flattened and polished to  give effective 
e l ec t r i ca l  contact  with the subs t ra te .  
m e t e r s  and w e r e  mixed p r i o r  to entering the deposit ion chamber .  
Plating gases  passed  through roto-  
A. TiB, BATCH OPERATIONS 
About fifty TiB, f ibe r s  w e r e  prepared  in the apparatus .  
w e r e  var ied  over  a wide range and i t  was  found that high s t rength TiB, f ibe r s  
(100 to 300 kpsi)  could be prepared,  even though the BC1,/TiC14 ra t io  was 
va r i ed  widely. Deposition r a t e s  w e r e  higher a t  l a r g e r  BC13/ TiC1, ra t ios ,  
but when the l a t t e r  exceeded a value of 3, the f ibe r s  w e r e  found to contain 
excess  boron and w e r e  weak. 
t u r e  was  found to be ex t remely  c r i t i ca l .  Strong f ibe r s  could not be prepared  
unless  the hydrogen content of the C V P  gas mixture  was  in the range of 75 to 
100 pe rcen t  of the calculated stoichiometric amount of hydrogen needed fo r  
the comple te  reduction of the TiC1, and BC13. 
The C V P  gas  flows 
The amount of hydrogen in the C V P  gas  mix- 
The  argon gas  flow was  maintained a t  approximately 6 t imes  that of the total  
C V P  gas  flow. 
mil electrolyt ical ly  etched tungsten using a total gas  flow of 1085 c c / m i n  
and a TiC1, gas  flow of 20 cc /min .  The gas flow ra t ios  of the remaining 
g a s e s  w e r e  a s  follows: 
Severa l  s t rong  TiB, f ibers  w e r e  prepared  a t  1275°C on 0. 5 
= 2 . 5 ;  2 = 4 .5 ;  - Ar = 46 .2  BC1, 
TiC1, TiC1, TiC14 
Plat ing t ime  fo r  a 4 mil d i ame te r  TiB, fiber was  about 1. 5 min. 
n e c e s s a r y  to  maintain oven t empera tu re  a t  a minimum of 485°C in o r d e r  to 
take accu ra t e  t empera tu re  readings during the en t i r e  t ime  in which the f iber  
w a s  p repa red .  The r e su l t s  of the experiments in which f ibe r s  of sufficient 
s i z e  and quality to  be handled a r e  summarized in Table 111. 
It  was  
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Table I11 
BATCH EXPERIMENT DATA 
Run No. 
B - 2  
B - 3  
B - 4  
B - 6  
B - 7  
B - 8  
B - 1 0  
B - I 1  
R - 1 3  
B -  14 
B - 1 5  
B-16  
B -  17 
B - 1 8  
B - 1 9  
B - 2 4  
B - 2 5  
B-26n  
B - 2 6 b  
B - 2 6 c  
B-32  
B - 3 3  
B - 3 6  
B - 3 7  
B - 3 9  
B - 4 0  
B - 4 1  
B - 4 2  
B - 4 3  
B - 4 4  
B - 4 5  
8 - 4 6  
B-47  
B - 4 8  
B - 4 9  
B - 5 0  
Substrate Temp. Total Gas Flow TiCI4 Gas Flow ~- 
" C  cc/min cc/min 
I , n i l  w 
1 inil W 
1 mil  W 
1 mil  W 
I m i l  W 
I I l l 1 1  u 
I m i l  W 
1 inil  W 
I 1111 I M 
1. 5 m i l  W 
0.5 , n i l  M' 
0. 5 in11 W 
0. 5 mi1  \v 
0. 5 m i l  W 
0.  5 mil W 
0 .  5 m11 W 
0. 5 m i l  W 
0. 5 m i l  W 
0. 5 m i l  W 
0. 5 mi l  W 
0. 5 mi l  W 
0. 5 m i l  w 
0. 5 m i l  W 
C. 5 m i l  W 
0 .  5 mil  W 
0. 5 m i l  W 
0. 5 m i l  w 
0. 5 m i l  W 
C. 5 mi l  W 
0 .  5 m i l  M 
0. 5 mil W 
0. 5 mi l  M' 
0. 5 n i i l  W 
0. 5 m 2 l  W 
0. 5 mi l  W 
0. 5 I l l l l  \\ 
1020 250  
I 1 6 0  25L 
250  
I190  250 
102C-106C 2 6 5  
I170  
1045  
1245  
1220 
11Y5 
1245 
1245  
1295  
1320 
1295 
1295 
1295 
1295  
1245  
1245  
122c 
122L 
1220 
1220 
1220 
1220 
1220  
12LL 
I220  
1220 
I L L 0  
1220 
122c  
1220 
250  10 
250  10 
250  I O  
1070  2 5  
IOYO L 5  
IG90 L 5  
1090 25 
1 U90 25 
1090  2 5  
1085  20 
1085  20  
1085 20  
1 085  20  
1085  20 
1085  2 0  
1085  20  
I u85 20  
1085 2L 
13235 2L, 
I 0 9 5  2 5  
1 c195 2 5  
1695 25  
1 G95 25  
1095  2 5  
1110 3b  
1110 30 
I 1 3 5  2 0  
1135  20  
1 I ( I (  2 0  
1100 L O  
I I OL 20  
Gas Ratios 
BC13 H, Ar Final 
T i c 4  TiC1, TiC14 Diameter Tensi le  Strength 
--- 
2 
2 
2 
2 
3. 5 
2 
2 
2 
2 
L 
2 
2 
2 
2 
2.  5 
2.  5 
'2. 5 
2 .  5 
2.  5 
2 .  5 
2 .  5 
2 .  5 
2.  5 
2 .  5 
2 
L 
2 
2 
2 
I .  7 
1 . 7  
2.  5 
2 .  5 
2 .  i 
2. 5 
2. 5 
3 .  5 
3. 5 
3 .  5 
3.  5 
3. 5 
3. 5 
3. 5 
3.  5 
3 .  5 
3 . 5  
3. 5 
3. i 
:. 5 
3 .  5 
4. 5 
4. 5 
4 .  5 
4. 5 
4. 5 
4. 5 
4.  5 
4. 5 
4 . 5  
4. 5 
3. 8 
3 . 8 
3.8 
3. 8 
3 . 8  
3. 5 
3 .  5 
i. 0 
7 .  0 
5. L 
5. 2 
5. 2 
m i l s  
1x .  5 3.7 
18. 5 3. 4 
I X .  5 4 . 2  
18. 5 4 . 6  
18. 5 4. L 
18. 5 5. 1 
18. 5 5. 4-6. 2 
18. 5 4 . 6  
37. 0 5 . 2  
3 7  0 4 . 6  
37. u 5. L 
3 7 . 0  5. 4 
1 7 .  0 3 .  4 
37. 0 c r y s t a l l i n e  
46. 2 
46. 2 
46 2 
46 .  2 
46. 2 
46. 2 
46. 2 
46. 2 
4 6 . 2  
4 6 . 2  
37 .  L 
3 7 .  u 
37.  0 
37. (, 
37.  b 
30. 8 
3u. 8 
46. L 
46. 2 
46.  2 
46. 2 
4 6 . 2  
3 . 8  
2 . 7  
4 2  
I .  3 
2 . 3  
2. 6 
3 .  7 
2.  9 
3 .  9 
5. 1 
3 .  8 
2 . 2  
4 .4  
2 .  6 
3. 9 
4 .  L 
4 . 2  
4 0  
4.  I 
3. 1 
3 . 9  
4. 3 
psi  
5 1 ,  000  
48, 000-141 .  000  
3 I ,  0 0 0 -  54, 000 
Too \ I I . ~ I \  lo t r s t  
Too \\<.ah to tes t  
I ,  200-  1 0 , 6 0 0  
Too u\cah lo t r s t  
1 1 ,  900-38 ,  300  
17 ,  500- 5?,  300 
8 ,  100- 1 3 , 4 0 0  
10, 17b-47, 500 
2 ,  000-39 ,  300  
3 0 ,  LOO-bl, 400 
Too u e a k  to [ P S I  
6 5 0 - 9 3 0  
250,  500 
94, 300-123,  200 
202 ,  500-212 ,  500 
172.  000-340.  000 
130. 000-281,  000 
Y8, 8bIJ 
2 2 ,  600-  54, 700 
208,  000 
8 5 ,  8 0 0 -  1 3 7 ,  500 
141,000 
162, 500-262 ,  500  
40 ,  700-75 ,  300  
69 ,  000-  137, 8 0 0  
18. 000 -7Y ,  200 
9 6 .  800 
6 4 ,  LOO-128, 000 
30, 8 0 0  
1 ,  5 1 0 - 4 1 , 2 0 0  
10.4. 000-  162, o o u  
3 3 , 2 0 0  
104, 000-205 ,  GOO 
N o t e .  The t e m p r r a t u r r s  r e p o r t e d  c o n t a i n  a t 2 0 " C  s i g h t  g l a s s  c o r r e c t i o n .  
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X-ray  ana lyses  w e r e  run  on twenty- three of the f i b e r s  in the as p r e p a r e d  
condition. TiBz  o r  W, and TiBz w e r e  found in a l l  of the f i b e r s  tes ted .  
Chemica l  ana lys i s  fo r  t i tanium w e r e  run  on twelve of the f ibe r s ,  but no c o r -  
re la t ion was  found between t i tanium content and tens i le  s t rength.  The t i -  
tanium content var ied  f r o m  65. 9 to 75. 6 wt percent ,  compared  to 68. 9 wt 
percent  T i  fo r  s to ich iometr ic  TiBZ. 
B. T i c  BATCH OPERATIONS 
In the expe r imen t s  on T i c  prepara t ion  in the batch r e a c t o r ,  g a s  mix tu res  
containing TiClqP n-C4H10, H2, and A r  were  employed. When the oven t e m -  
p e r a t u r e  w a s  maintained below 450"C, a dark brown deposit  appeared  on the 
wal l  which does not occur  during TiBz fiber preparat ion.  Th i s  deposit  w a s  
not identified, but i s  believed to have formed f r o m  the vapor phase  decom- 
posit ion of n-C4Hlo and reac t ion  with TiC13. The deposit  w a s  ex t r eme ly  dif- 
ficult to r emove  and requi red  the use  of a boiling HzS04 and (NH4)z SO4 mix-  
t u r e  for  cleaning the deposition chamber .  
In fu r the r  expe r imen t s ,  CZH5Br was  substituted for  n-C4Hlo as the carbon 
p r e c u r s o r  and some reduction in deposi ts  was noted so that even at  460°C 
t h e r e  w a s  l e s s  with CZH5Br than withnG4Hlo at 450°C. Never the less ,  the 
obscura t ion  w a s  so s e v e r e  that it w a s  believed that prolonged continuous 
opera t ion  w a s  not feas ib le .  Th i s  problem, coupled with the continuing dif- 
f iculty of obtaining homogeneous T i c  deposits in a control led manner ,  led 
to the decis ion that  T i c  prepara t ion  by co-plating f r o m  Tic14 and a carbon 
p r e c u r s o r  be hal ted.  
C.  T i c  PREPARATION FROM CH3TiC13 
L i t e ra tu re  su rveys  w e r e  made  to de te rmine  if t h e r e  w e r e  a n  organot i tanium 
compound avai lable  which could be used a s  a single p r e c u r s o r  fo r  T i c .  
Such a compound must  have a s t rong  bond between the t i t an ium and carbon 
a toms ,  so that  upon heating, the compound would decompose to T i c .  A com-  
pound, methyl  t i tanium t r ich lor ide ,  was  found which me l t s  at  29°C and h a s  
an extrapolated boiling point of 120°C. Seventy g r a m s  of the m a t e r i a l  was  
p r e p a r e d  f o r  u s  by Regis  Chemical  Coo 
A new batch appara tus  was  cons t ruc ted  f o r  exper iments  with th i s  compound. 
(F ig .  8) .  
could be evacuated p r i o r  to the addition of the CH3TiCl3 and i t s  c a r r i e r  gas .  
A condenser  into which the compound was sublimed p r i o r  to the CVP exper i -  
ment  is  a t tached to one a r m  of the deposition chamber .  
The deposit ion chamber  w a s  equipped with stopcocks so that a i r  
-25-  
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Init ial  exper iments  with this compound yielded a c rys ta l l ine  deposi t  of T i c .  
The deposi t  w a s  prepared  by passing a gaseous mixture  of the compound with 
C2H5Br over  a 1 mil tungsten w i r e  heated to 1100°C. 
mising s ince  we had not p repa red  T i c  in  any f o r m  previously by CVP techni- 
ques below 1225°C. In l a t e r  experiments  where  mix tu res  of H2 and CH3TiC13 
gases  w e r e  passed  over  1 mil W subs t ra tes  heated to 1000-1O5O0C, f i b e r s  
up to 2. 3 mils d i ame te r  w e r e  obtained. 
ps i  on a 2. 3 mil f iber  to 243, 000 psi  on f ibers  in the size range of 1 . 4  to 
2. 0 m i l s .  
The depos i t  appea r s  to be monolayered and of ex t remely  sma l l  c rys ta l l i t e  
s ize .  The chief drawbacks of using CH3TiC13 a s  a T i c  p r e c u r s o r  a r e  that 
i t  f o r m s  deposi ts  in the r eac to r  and that it i s  a difficult m a t e r i a l  to handle 
due to i t s  r o o m  t empera tu re  instability and i t s  rapid react ion with mois ture .  
These  r e su l t s  w e r e  p ro -  
Tensile s t rengths  var ied f r o m  77, 000 
F i g u r e  9 shows a polished cross -sec t ion  of one of the T i c  f ibers .  
P a r t  of the problem of depositing a homogeneous T i c  may be re la ted to findings 
of E. Rudy e t  a l .  (12) on the T i c  phase system. The compound previously 
thought to  be s toichiometr ic  T i c  i s  actually TiC1-x with a composition range 
f r o m  about 32 to  49 atomic pe r  cent C, and contains a var iab le  number of 
la t t ice  vacancies  depending upon the exact  composition of the compound. 
Due to the va r i ab le  number of vacancies  and a l so  to our C V P  gas mixture  
containing carbon p r e c u r s o r s  which can decompose readi ly  a t  our  T i c  de -  
position t empera tu re  to f o r m  free carbon, it may be ex t remely  difficult  to  co- 
p l a t e  a compound of a specific T i c  o r  TicI - ,  composition. 
After consultation with the NASA P r o j e c t  Manager,  work on T i c  was stopped 
and work  w a s  undertaken on ZrB2  f iber  preparation. 
D. Z r B 2  BATCH STUDIES 
Severa l  exploratory experiments  w e r e  r u n  on Z r B 2  f iber  prepara t ion  in the 
batch r e a c t o r .  Z r  meta l  turnings w e r e  heated to 335°C in a Vycor r eac to r  
and m e a s u r e d  flow r a t e s  of chlor ine gas  were  passed  over  the meta l .  
appeared  to be complete  to ZrCl,, and no free chlor ine could be detected by 
v e r y  sensi t ive KI paper .  
sation of ZrC1, in the t r a n s f e r  l ines  to the plating gas  mixe r  and to the d e -  
position chamber ,  s o  that the f inal  C V P  gas was  quite deficient i n  ZrCl,. A 
total  of nine exper iments  was  run, but no sa t i s fac tory  f i b e r s  w e r e  produced. 
Af te r  a d i scuss ion  with the NASA project  manager ,  i t  w a s  decided to with- 
d raw manpower f r o m  the Z r B 2  batch experiments  in o r d e r  that  a s  much TiB2 
f i lament  a s  possible  could be prepared  before the end of the project .  
React ion 
Some difficulty was  experienced in preventing conden- 
- 2 7 -  
Fig. 9 Photomicrograph of Cross-sec t ion  of T i c  P r e p a r e d  f rom 
CH3TiC13 
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I V .  C H E M I C A L  V A P O R  P L A T I N G  U N I T S  U T I L I Z I N G  
R A D I O F R E Q U E N C Y  - H E A T E D  S U B S T R A T E S  
A f t e r  s e r ious  problems w e r e  encountered using r e s i s t ance  -heated subs t r a t e s  
f o r  TiBz f i lament  preparat ion,  a t tempts  were  made  to  u s e  radiofrequency 
frf)  heated subs t r a t e s  for  this purpose.  Initial a t tempts  to  deposi t  TiB, in 
this  manner  looked promising in  that uniform t empera tu re  zones on a con-  
tinuous subs t ra te  up to 18 in. long w e r e  obtained during the deposit ion.  The 
tens i le  s t rength  of the prepared  f i lament  was comparable  to that of the 
I s t ronges t  f i l ament  prepared  on resis tance-heated continuous subs t r a t e s .  At 
this  point a decis ion was  made  to begin work on the prepara t ion  of continuous 
TiB, f i lament  utilizing rf -heated subs t ra tes .  
A. DESIGN CONSIDERATIONS 
Some of the design c r i t e r i a  of an  rf-heated subs t ra te  r eac to r  a r e  s imi l a r  
to those of res is tance-heated subs t ra te  reac tors .  The format ion  of titanium 
compounds of low volatility r equ i r e s  the reac tor  to be heated.  Accurate  
subs t r a t e  t empera tu re  measu remen t  i s  again of p r i m e  importance,  a s  is  
good operabili ty,  since the r eac to r  will  be used fo r  continuous f i lament  p ro -  
duction. 
New design c r i t e r i a  include the use  of some means  of r e a c t o r  heating other  
than res i s tance- type  hea ters ,  s ince coupling with the r f  c u r r e n t  would occur .  
L a r g e r  r e a c t o r s  a r e  possible s ince the tempera ture  gradient  problem should 
be minimized.  Mercury-f i l led g lass  tees  a r e  pe rmis s ib l e  a s  s ea l s  provided 
that adequate hydrogen o r  i ne r t  gas  flows a r e  used to prevent  vaporizat ion 
of the m e r c u r y .  P r o p e r  rf shielding must  be incorporated into the design 
f o r  protect ion of the opera tor  and to prevent emiss ion  of high intensity 
rad io  s ignals .  Cer ta in  modifications of auxiliary equipment in the unit may 
be necessa ry  to prevent  in te r fe rence  with the i r  operat ion by r f  cu r ren t s .  
B. REACTOR DEVELOPMENT 
The design considerations outlined above led to the development of the r eac to r  
shown in F ig .  10. 
horizontally in the C V P  unit. 
4 f ee t  of ac tua l  plating lengths and were  constructed of 1-in. d i ame te r  Vycor 
tubing. 
chamber  and exhaust a t  a single cen te r  out le t .  Mercury-f i l led g l a s s  t ee s  
s e a l  each  end of the chamber  f r o m  the atmosphere,  and the m e r c u r y  is  p ro -  
tected f r o m  the CVP gases  by a sma l l  s t r e a m  of Hz o r  A r  gas  which l a t e r  
mixes  with the CVP gases .  
1. 2 K W  genera tor  purchased f r o m  the Radio Frequency  Corporat ion.  
The r eac to r  was  of the split-flow type and was  mounted 
The deposition chambers  w e r e  designed for  
In the spli t  flow reac to r ,  plating gases  en ter  f r o m  each  end of the 
The power supply fo r  each unit is a 120 megacycle-  
The 
- 2 9 -  
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e lec t r i ca l  c u r r e n t  i s  t r ans fe r r ed  to the substrate  by an  antenna made  f r o m  
two 1-in. wide copper  s t r ip s  25 to 30 in. long. The s t r ip s  a r e  located on 
opposite s ides  of the deposition chamber  and a r e  bent to f i t  the cu rva tu re  
of the c h a m b e r ' s  outer wall. Each s t r i p  is connected to a n  e lec t rode  of the 
r f  power supply by another  copper s t r ip .  The CVP region of the deposition 
chamber  i s  surrounded by an oven made  from t r ans i t e  pipe fi t t ings and a s -  
bestos  insulation. T e m p e r a t u r e s  of 450 to 500°C a r e  maintained inside the 
oven by a i r  enter ing each end of the oven f r o m  heat  guns. 
C .  PROCESS DEVELOPMENT 
Two p r o c e s s  development CVP units of s imi la r  design w e r e  constructed a s  
shown in F ig .  11. As in the cross-f low CVP units, each  unit was  equipped 
with a pay-off and a take-up mechanism for t ransport ing of the subs t r a t e  
through the r e a c t o r s .  
gas  mixe r s ,  and vapor izors  used with the cross-f low r e a c t o r s .  
contained a power supply to  provide cur ren t  to a hydrogen t reat ing ( o r  
tungsten subs t r a t e  out-gassing) chamber .  
The CVP units were  connected to the s a m e  ro t ame te r s ,  
Each unit 
In o r d e r  to pro tec t  the opera tor  f r o m  r f  cur ren ts  and to prevent  s t rong rad io  
signal emission,  a wooden f r amework  covered inside and outside with copper 
s c r e e n  was  built around each  CVP unit (F ig .  12). 
separa ted  and the outer  s c r e e n  i s  grounded with a 2-inch wide copper  s t r ip .  
The doors  to  the unit w e r e  equipped with bronze weather  s t r ipping and la tches  
to  se rve  a s  "radio frequency gaskets" to a s s u r e  adequate rf e l ec t r i ca l  con- 
tact  and shielding around the door edges.  
w e r e  added to a l l  e l ec t r i ca l  l ines  entering each CVP unit and additional 
shielding w a s  e rec ted  behind the units to fur ther  reduce  the rad io  signal 
emiss ion .  
rad io  s ignal  intensity to  l o p  vol ts / rneter  a t  a d i s tance  of 1 mile. 
the final shielding was  installed, the  radio signal intensity f r o m  the r f  genera-  
t o r s  was  m e a s u r e d  in four direct ions (90" apa r t )  a t  a d i s tance  of l mile and 
was  found to  have a maximum value of 3p  v o l t s / m e t e r .  
The s c r e e n s  a r e  completely 
La te r ,  e l ec t r i ca l  enc losure  f i l t e r s  
F e d e r a l  Communications Commission regulations (1 3)  l imi t  the 
A f t e r  
D. OPERABILITY O F  CVP UNITS 
The f i rs t  m a j o r  problem in operating the rf-heated subs t r a t e  r e a c t o r s  was  
a r r angemen t  of the var ious  physical components of the C V P  unit so that a 
sat isfactor i ly  uniform heating of the substrate  and f iber  could be achieved. 
Although t h e r e  i s  some knowledge of the heating of w i r e s  with r f  power, the 
use  of this concept to give a des i r ed  tempera ture  profile and to p e r m i t  CVP 
of continuous f i lament  i s  believed to  have been applied f o r  the f i r s t  t ime 
anywhere by the T E I  labora tor ies .  
cons iderable  t r i a l  and e r r o r  before a length of subs t ra te  could be heated f o r  
s eve ra l  minutes  with rf power. 
Thus the init ial  exper iments  required 
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Fig. 11 Radiofrequency-Heated Substrate  C V P  Apparatus 
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Fig. 12  Radiofrequency Shielding for C V P  Apparatus 
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One of the initial p roblems was  s e v e r e  vibrat ion of the subs t r a t e  when it was  
heated. 
and was  caused by the gene ra to r  power supply ripple.  
eliminated by inser t ing t w o  2-microfarad  capac i tor  f i l t e r s  in  the c i rcu i t .  
F i g u r e  13 shows osci l lograph t r ac ings  of the radiated s ignal  before  and a f t e r  
the f i l t e r s  w e r e  inser ted .  
The vibrat ion occur red  with a f requency of 120 cyc les  pe r  second 
This  w a s  substant ia l ly  
A second problem resu l ted  f r o m  the instal la t ion of the rf shielding around 
the CVP equipment. 
cu l t i e s  were  encountered in  obtaining a uniform hea t  zone ove r  the full 
length of subs t ra te  inside the CVP region of the deposi t ion chamber .  The  
new pat tern cons is ted  of two o r  t h ree  sepa ra t e  hea t  zones each  about 6 in. 
long. This p rob lem was  c o r r e c t e d  substantially by shortening the antenna 
f r o m  32 in .  to 27 in. and positioning m o r e  of the antenna on the r igh t  s ide 
of the chamber  than on the le f t  s ide.  This  a r r a n g e m e n t  caused  the subs t r a t e  
to  overheat  init ially on i t s  ex i t  s ide of the CVP region of the r e a c t o r  during 
an  experiment ,  but a f t e r  the deposit ion began, and the power to the subs t r a t e  
w a s  increased ,  the hea t  zone sp read  out near ly  uniformly to lengths up to 36 in. 
This  upse t  the previous tuning a r r a n g e m e n t  and diff i -  
Another problem which occur red  a f te r  the rf shielding w a s  instal led was  
heating of the f i lament  on the take-up spool. 
a 2-in. wide copper  s t r i p  between the take-up spool f r a m e  and the m e r c u r y  
s e a l  of the deposit ion chamber  n e a r e s t  the take-up spool. 
This  w a s  c o r r e c t e d  by connecting 
Accura te  f i lament  t e m p e r a t u r e  m e a s u r e m e n t  was  a m a j o r  p rob lem when 
using the rf-heated subs t r a t e  r e a c t o r s  s ince  TiC1, f lakes  o r  c r y s t a l s  con-  
densed  in varying amounts  throughout the deposi t ion chamber  in a r e a s  heated 
to 450 to 500°C. 
brown deposit  occu r red  on the wal l  which w a s  believed to  be TiC12. 
method,s of t e m p e r a t u r e  m e a s u r e m e n t  w e r e  considered.  One was  the use  of 
s tandard  t empera tu re  l amps  behind the deposi t ion chambe-r a t  s e v e r a l  points. 
This  idea was at tempted but i t  was  difficult to focus on the s tandard  f i lament  
because  of in te r fe rence  caused  by imperfec t ions  in  the Vycor  r e a c t o r  wal ls .  
When a deposi t ion chamber  was  heated above 500°C,  a 
T h r e e  
The  second idea was  to r e s i s t i ve ly  hea t  the subs t r a t e  w i r e  with a c e r t a i n  dc  
voltage and a m p e r a g e  to a known t e m p e r a t u r e  before  a n d / o r  a f t e r  a given 
experiment .  
the deposit  was  so  heavy tha t  t e m p e r a t u r e s  to be c o r r e c t e d  could not be  
r ead  with the optical  py romete r .  The third idea was  to  u s e  a two co lo r  
pyrometer .  This  i n s t rumen t  m e a s u r e s  the r a t io  of ene rgy  a t  two wave 
lengths,  and unless  the depos i t  a t tenuates  one wave  length m o r e  than another ,  
the r a t io  remains  the same .  
pa r t i a l  success ,  but the ins t rument  was  not in  our  hands long enough f o r  a 
This  idea works  f o r  v e r y  thin f i b e r s  o r  depos i t s  but normal ly  
A two-color p y r o m e t e r  w a s  demons t r a t ed  with 
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GENERATOR OUTPUT AS RECEIVED 
PLATE VOLTAGE, 1700 WATTAGE, 102 
PLATE AMPS, 0.06 
GENERATOR OUTPUT WITH TWO 2pf CONDENSERS 
PLATE VOLTAGE, 3000 WATTAGE, 255 
PLATE AMPS,0.085 
Fig. 13 Removal  of Ripple f r o m  Radiofrequency Genera tor  Output 
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comple te  evaluation. 
obtain a good reading.  This  would have mean t  modification of the f ron t  of 
the rf shield box and possibly s o m e  changes in the sc reen ing  to  prevent  l ight 
in te r fe rence .  
I t  appeared  n e c e s s a r y  to e l iminate  a l l  outside l ight  to 
Optical  pyrometer  readings  w e r e  r e s o r t e d  to and w e r e  taken in  the c l eanes t  
a r e a s  of the deposit ion chamber and showed temperatures of 1050 to 1125°C. 
When these a r e a s  w e r e  cal ibrated,  the co r rec t ion  to be applied amounted to 
approximately t 135"C, which indicates  our  t rue  subs t r a t e  t e m p e r a t u r e  to  be 
in the range of 1185 to 1260°C. 
E. INITIAL PREPARATION O F  TiB, FILAMENT 
Dur ing  the initial exper iments  on f i lament  prepara t ion  in an  r f -hea ted  sub-  
s t r a t e  reactor ,  the chamber  wal ls  w e r e  not heated in o r d e r  to k e e p  the equip-  
men t  a s  simple a s  possible  during the tuning operat ions on the equipment.  
Both boron and pyrolytic graphi te  w e r e  p repa red  successfu l ly  on rf -heated 
subs t r a t e s  in  the heated r e a c t o r .  Pyro ly t ic  graphi te  f i lament ,  which has  
e l ec t r i ca l  p rope r t i e s  somewhat  s i m i l a r  to those  of TiB2 and T i c  fi lament,  
w a s  prepared  f r o m  CVP gas  mix tu res  containing n-C4Hlo and BC1, a t  sub-  
s t r a t e  speeds up to 12 i n . / m i n .  and a t  subs t r a t e  t e m p e r a t u r e s  of 1100 to 
1200°C. Plating zones up to 32 in. long w e r e  obtained on the subs t r a t e .  
Tens i l e  s t rength values  of the pyrolyt ic  graphi te  f i lament  r a n  a s  high a s  
127 kps i  which i s  20 percent  higher  than previous va lues  obtained on pyroly-  
t ic  graphite p repa red  a t  TEI.  I t  was  concluded f r o m  these  expe r imen t s  
tha t  ma te r i a l s  with high e l ec t r i ca l  conductivity could be p r e p a r e d  on rf-  
heated subs t ra tes ,  and the CVP units w e r e  then equipped with heated r e a c t o r s  
f o r  the purpose of prepar ing  TiB, f i lament .  
tha t  d i r ec t  c u r r e n t  could be passed  through the subs t r a t e  in addition to the 
r f  cu r ren t  to  produce a n  extended plating zone beyond tha t  which could be 
obtained with the rf antenna alone. 
with the combination of c u r r e n t s  than with rf power alone. F o r  example a 
total  power output of 420 wat t s  f r o m  the r f  gene ra to r  w a s  requi red  to hea t  
about 30 in. of 0. 5 mil W w i r e  to 1000°C while  a combination of 210 wat t s  
rf power and 130 wat ts  dc power heated 36 in. of the s a m e  w i r e  to 1000°C. 
The  l imitation of this  heating method i s  the max imum dc  power that  can  be 
used without overheat ing the incoming subs t r a t e .  Thus,  w h e r e  depos i t s  of 
h igher  res i s tance  a r e  prepared ,  a g r e a t e r  portion of d c  power can  be used 
in the combined power sou rce  heating method. 
Another impor tan t  finding w a s  
The e l ec t r i ca l  efficiency was  a l s o  higher  
In the initial exper iments  on TiB, f i lament  prepara t ion ,  
which were  used to p r e p a r e  the s t ronges t  T iB2  f i b e r s  in  the batch r e a c t o r  
w e r e  employed in the rf-heated subs t r a t e  r e a c t o r s .  
the C V P  gas  flows 
A total  g a s  flow of 
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1085 cc /min  w a s  brought into each end of the split-flow reac tor .  
r a t io s  of the var ious gases  based on the Tic14 g a s  flow of 20 cc /min  w e r e  as 
follows : 
The gas  flow 
= 46.2  Ar  
Tic14 = 4. 5; 
H2 = 2 . 5 ;  
Tic14 Tic14 
BC13 
The  argon flow includes 25 cc /min  brought into the r eac to r  near  the t ee s  to 
protect  the m e r c u r y  sea l s  f r o m  the CVP gases.  P r o b l e m s  w e r e  encountered 
immedia te ly  when the subs t ra te  was  heated. Overheating of the subs t ra te  oc-  
c u r r e d  w h e r e  i t s  left side made initial contact with the CVP gases  and it was  
n e c e s s a r y  to lower the a rgon  content of the mix tu re  to reduce the subs t ra te  
t e m p e r a t u r e  at th i s  point. 
resu l ted  in reduced d i ame te r s  of the prepared  TiB2 fi lament.  
substi tuted for  a rgon  to protect  the Hg seals  and th i s  resu l ted  in l e s s  ove r -  
heating of the subs t ra te  in these a r e a s ,  The to ta l  flow of hydrogen was  r e -  
adjusted in o r d e r  to minimize  the overheating of the incoming subs t ra te  and 
s t i l l  p roduce  s t rong fi lament at a reasonable deposition ra te .  
e s s a r y  to change the BC13/TiC14 rat io  f rom that which was  used in the batch 
r eac to r .  Before  s t rong TiB2 f iber  could be produced, this  ra t io  was  lowered 
f r o m  2. 5 to 1. 25. This  change resul ted in the prepara t ion  of fi lament which 
was  bright in appearance  and which generally had tensi le  s t rengths  in excess  
of 100 kpsi but the deposition r a t e  was  about one half of that obtained in the 
batch r eac to r .  Fu r the r  information on C V P  g a s  r a t io s  i s  covered  in the Ap- 
pendix, sect ion 8, CVP Gas Ratios. 
This  a l so  reduced the length of the plating zone and 
Hydrogen w a s  
It was  a l so  nec-  
The buildup of chamber  deposits was  more  se r ious  than in the batch r eac to r .  
This  w a s  due main ly  to the length of t ime that the r eac to r  was  in  operat ion in  
a given experiment .  Higher TiC14 flows also resu l ted  in thicker chamber  de- 
posi ts .  The  amount of rf power required to maintain a given t e m p e r a t u r e  on 
the subs t r a t e  had to be increased  gradually during a runp  and it i s  believed that  
the additional power requi rement  was  caused by coupling of the rf cu r ren t  to 
the chamber  deposits.  
ac to r ,  the section of the deposit in contact with the r eac to r  wall  gradually 
changed to a m i r r o r - l i k e  deposit believed to be t i tanium metal ,  and which 
would couple readi ly  to rf cur ren ts .  At the beginning of a TiBz prepara t ion  
run  in a c lean deposition chamber9  the rf power r equ i r emen t s  w e r e  approxi- 
ma te ly  0. 3 KW. 
Over  a per iod of s e v e r a l  runs  the power requi rements  would exceed the rf 
genera tor  output and it became necessa ry  to c lean  the deposition chamber .  
P i e c e s  of broken fi lament left in the deposition chamber  f r o m  previous runs  
a l so  coupled to the rf cu r ren t  and often affected the location of the heated sub- 
s t r a t e  zone. 
be r emoved  f r o m  the deposition chamber  in a few minutes  by removing the ends 
of the chamber  and pulling a gun b rush  through it. 
After s eve ra l  hours of fi lament preparat ion in a r e -  
After two hours  the power r equ i r emen t s  w e r e  about 0. 8 KW. 
The loosely adhering chamber  deposits and broken f ibe r s  could 
When the tightly adhering 
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depos i t s  used so much of the rf c u r r e n t  that  the subs t r a t e  could not be heated 
to the required plating t empera tu re ,  it was  n e c e s s a r y  to shut down the r e -  
ac to r  and clean the deposition chamber  in a dilute hydroc lor ic  acid solution. 
Since adequate t e m p e r a t u r e  measu remen t  could not be made,  and the r f  power 
requi rements  var ied  during a run, the only c r i t e r ion  which could be used to 
judge the quality of the p repa red  f i lament  was  i t s  appearance  a s  it left the 
deposit ion chamber ,  I t  w a s  n e c e s s a r y  to  adjust  the t e m p e r a t u r e  of the sub- 
s t r a t e  in a given run by sett ing the rf power at the point where  the f i lament  
with the most  ref lect ive appearance  was  p repa red .  
n e s s  of the fi lament i s  usually a good indication of i ts  s t rength .  
The degree  of re f lec t ive-  
The CVP gas flow r a t e s  o r  r a t io s  at which mos t  of the TiB2 f i lament  w a s  p r e -  
p a r e d  were a s  follows: 
Subs t ra te  Ent rance  Side of Reactor Subs t ra te  Exi t  Side of Reac tor  
Tota l  Gas Flow 410 cc /min  670 cc /min  
Tic14 Gas Flow 2 0  cc /min  2 0  cc /min  
Ratio BCl3 
TiC14 
1. 25 1. 25  
H2 Ratio 5. 0 5. 0 
Tic14 
(20  percent  of the hydrogen was  used to p ro tec t  Hg fi l led t e e s  and was  com-  
bined with C V P  gas  mix tu re  inside of deposit ion chamber ) .  
Ar Ratio 13. 2 26. 3 
Tic14 
A to ta l  of 3095 ft of T iBz  fi lament p r e p a r e d  up to th i s  point was  shipped to 
TRW Systems,  Redondo Beachp California.  A s u m m a r y  of the p rope r t i e s  of 
the f i lament  and some of i t s  p repara t ion  data  a r e  given in Table  IV. 
X - r a y  analyses  w e r e  run  on samples  f r o m  approximately one half of the runs  
and each  tes t  showed the p re sence  of TiB2 o r  TiBz and W. 
Table  IV, only seven samples  w e r e  analysed for  t i t an ium content. These  r e -  
su l t s  averaged higher  in t i t an ium content than the batch p repa ra t ion  samples ,  
and no fur ther  s amples  w e r e  run  when t h e r e  appeared  to be no co r re l a t ion  
between ti tanium content and f i lament  quali ty.  
based on the average  t i t an ium contentp var ied  f r o m  1. 2 6  to 1. 76. 
As  was  shown in 
The  B / T i  r a t io  of the samples ,  
F. SUPPLEMENTAL PREPARATION O F  TiB2 FILAMENT 
Under an extension of the "Improved Ablative Mater ia l s"  cont rac t ,  a supple- 
men ta l  p rogram w a s  init iated which cal led for  p repa ra t ion  of 12, 000 f t  of TiBz 
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C a s  Flows and Ratios 
Run NO. -
J H - I 2  
J H - 2 1  
J H - 2 3  
J H - 2 4  
J H - 2 7  
J H - 2 9  ' 
J H - 3 0  
JH-31  
J H - 3 4  
J H - 3 6  
J H - 3 9  
J H - 4 0  
J H - 4 1  
J H - 4 2  
J H - 4 3  
J H - 4 4  
Sn-45 
J H - 4 6  
J H - 4 7  
J H - 4 8  
J H - 4 9  
J H - 5 0  
J H - 5 1  
J H - 5 2  
J H - 5 3  
J H - 5 4  
J H - 5 5  
J H - 5 6  
J H - 5 7  
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exi t  
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Exit 
Ent. 
Total __ 
1082 .5  
1082 .5  
I 2 4 5  
274 
I l l 0  
660 
I110 
660 
1110 
655 
1095 
655 
I 0 9 5  
655 
1095 
655 
I 0 9 5  
655 
670 
410  
670 
410  
670 
410 
670 
410  
67 0 
410 
670 
410  
670 
410 
670 
410 
670 
410  
670 
410 
670 
410 
670 
410 
670 
410 
670 
410 
670 
410 
670 
410 
670 
410 
670 
410 
670 
410 
670 
410 
TiC1, -
20 
20 
20 
20 
33 
L O  
33 
20 
33 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
2 0  
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
LO 
20 
20 
20 
Bc1, 
TiCI, __ 
1 . 2 5  
1 . 2 5  
1 . 2 5  
1 . 3 5  
0 . 8 2  
1 . 2 5  
0 . 8 2  
1 . 2 5  
0.  76 
1 25 
1 .25  
1 .25  
1 . 2 5  
1 . 2 5  
1 .25  
1 . 2 5  
1 . 2 5  
1 . 2 5  
1 . 2 5  
1 25 
1 .25  
1 .25  
1 . 2 5  
1 .25  
1 .25  
I .  25 
1 .25  
1 . 2 5  
1.25 
1 . 2 5  
1 . 2 5  
1 . 2 5  
1 .25  
1.25 
1 .25  
1 . 2 5  
1 .25  
1 . 2 5  
1 .25  
1 .25  
1. 25 
1.25 
1 . 2 5  
1 .25  
1 . 2 5  
1 . 2 5  
1 .25  
1 . 2 5  
1 . 2 5  
1 . 2 5  
1 . 2 5  
1 . 2 5  
1 . 2 5  
I .  25 
1 . 2 5  
1 . 2 5  
1 . 2 5  
I .  25 
FI, 
TICI, 
~ 
4 . 3 8  
4.  38 
5 . 0  
5.  35 
3. 0 3  
5 . 3  
3. 0 3  
5 . 3  
3 . 3  
5 . 0  
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
A r  
TICI, 
-
~ 
46. 8 
46. 8 
55 
6 
28.  n 
28. H 
25 .5  
25 .5  
28.8 
2 5 . 5  
4 7 . 5  
25 .5  
4 7 . 5  
25 .5  
47.5 
25 .5  
4 7 . 5  
25.5 
26. 3 
13. 2 
26 .3  
1 3 . 2  
26 .3  
13.2 
26 .3  
13. 2 
26.3 
13. 2 
26. 3 
13. 2 
26. 3 
1 3 . 2  
26. 3 
13. 2 
26.3 
13. 2 
26.3 
13. 2 
26.3 
13. 2 
26. 3 
13. 2 
26 .3  
13. 2 
26. 3 
13. 2 
26. 3 
1 3 . 2  
26 .3  
13. 2 
2 6 .  3 
13. 2 
26. 3 
1 3 . 2  
26. 3 
13. 2 
26. 3 
13. 2 
Speed 
sn./rnin 
-
12 
I 2  
1 2 . 5  
1 2 . 5  
I 2  
I 2  
I 2  
12 
I 2  
I 2  
1 2  
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20  
20 
20 
20 
20 
20 
20 
20 
I)la*liL t u r  
2 . 4  
2 . 5  
L 7  
3 . 8  
2. 6 
3 . 1  
3 . 2  
2 . 3  
1 . 9  
2 . 0  
2 . 2  
2 . 3  
1 . 7  
2 . 4  
2 .3  
2 . 5  
2 . 1  
2 . 3  
1 . 6 - 2 . 5  
2 .  3 
2. 0 -3 .0  
2 .  6 
2. n 
2 . 7  
3 . 2  
2 .  n 
2 . 4  
2 . 4  
2. 1 
Tcnsilt .  
Slrcl>pti ,  
k P S l  
I42-LL9 
1205 
7 3 . 2 - 3 0 8  
(143 A v g )  
194-208  
( 2 0 6  Avg) 
167-170  
(16n A V ~ )  
( 1  tes t )  
no. 5 
(1 tes t )  
I O 0  
I 0 5  - 14 1 
(123  Avg) 
8 1 . 7 - 1 9 8 .  o 
1 7 . 0 - 1 6 8  
( 8 6  A d  
(134 Avg) 
40-159 
( 9 2  Avg) 
126-  I66  
(140  Avg) 
92-104 
(98  A%) 
51-159  
(117  Avg) 
96-126  
(111 Avg) 
86-129  
(104 Avg) 
39-117 
(78  A 4  
IW-17U 
( 1 4 3 A v g )  1 
118-161 
(140  Avg) 
72-117 
(102  Avg) 
39-124 
(87 A 4  
(99  A d  
58-139 
105.174 
(142  Avg) 
49-169  
( I 1 6  Avg) 
93-119  
( 1 0 6  Avg) 
29-91 
( 5 6  A w )  
( i o n  A V ~ )  
48-80 
(64 Avg) 
74-131 
126-198 
(155 Avg) 
86-121 
( 1 0 3  Avp) 
I > I .  p" n 11 
I><,nsity 
g;c< 
__ 
.I. ~n 
4.  L5 
4. 2n 
4. 3n 
4 . 4 4  
3.77 
4 . 1 8  
4 . 4 0  
4 . 5 3  
4 .04  
4 . 3 4  
4. on 
4 .54  
4 .42  
4 . 7 2  
4 .23  
4 . 4 4  
4. 61 
5 .15  
4 .57  
4 . 0 6  
4 . 3 8  
4 . 5 3  
4 .41  
4 . 4 8  
4 . 3 3  
4 . 0 9  
4 . 3 4  
4 46  
i',lament 
Length 
I I  
30 
200 
IO0 
5 5  
I no 
100 
30 
100 
100 
110 
40  
100 
75 
100 
115 
185 
13: 
75 
90 
30 
60 
60 
175 
9 0  
50  
170 
105 
355 
no 
Titanium 
Content 
W t . "  
sot TYI, 
69.5-74. L 
( 7 1 . 9  A v g )  
i i 4 - n o .  I 
76. x-79. o 
74 .2 -80 .  L 
(76 .  7 Avgl  
(77 .  9 A v p )  
( 7 6 . 4  A v g )  
70 .6 -72 .  I 
( 7 1 . 5  Avg) 
i l . 2 - 7 2 . 9  
(72. 1 Avg)  
7 3 . 8 - 7 8 . 0  
( 7 5 . 9  Avg) 
Not run 
Not run 
Not run 
Not run 
Not run 
Not run 
Not run 
Not run 
S " I  run 
Not run 
Not run 
Not run 
Not run 
Not run 
Not run 
Not run 
Not run 
Not run 
Not run 
Not run 
Not run 
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fi lament.  The CVP equipment used in the previous work was  r e a s s e m b l e d  in 
a new location and everything w a s  done to duplicate the previous construct ion 
conditions a s  c losely a s  possible  to minimize  p rob lems  of retuning the rf 
heating system. 
Considerable difficulty was  experienced, however,  in retuning the equipment 
to obtain a sa t i s fac tory  heat profile.  This  was  eventually accomplished by 
placing e lec t r ica l  s tubs on each end of the plating chamber  and grounding 
t h e m  to the in te r ior  wal l  of the rf shield, and by r eve r s ing  the d i rec t ion  of 
t r a v e l  of the tungsten subs t ra te  through the chamber .  Other  p rob lems  which 
w e r e  corrected included a high HCl content of the BC13 g a s  supply and excess  
draf t  on the exhaust line. The excess  draf t  caused  a i r  to leak in around the 
chamber  sea ls  thus contaminating the TiB2 deposit. Except in a few init ial  
experiments  where  a s -d rawn  tungsten subs t ra tes  w e r e  used, a l l  of the TiB2 
fi lament was p repa red  on electro-etched tungsten subs t ra te .  
I 
The CVP gas flow r a t e s  o r  ra t ios  at which mos t  of the T iB2  fi lament w a s  p r e -  
pa red  were  a s  follows: 
Substrate  En t rance  Side of Reactor  Substrate  Exit  Side of Reac tor  
Total  Gas Flow 670  cc /min  920 c c / m i n  
Tic14 Gas Flow 20 cc /min  20 cc /min  
BC13 Ratio 1. 25 Tic14 
Rat io Hz 
Tic14 5. 0 
1. 25 
5. 0 
Ar Ratio 26. 3 38 .  7 
T iC 14 
Occasionally it w a s  n e c e s s a r y  to vary  the a rgon  flow in e i ther  side of the r e -  
ac tor  in order  to maintain the proper  t e m p e r a t u r e  prof i le  on the subs t ra te .  
L a r g e r  volumes of a rgon  w e r e  used h e r e  than in the previous work because it 
was  found that a m o r e  uniform subs t ra te  t e m p e r a t u r e  prof i le  resu l ted  in the 
present  setup. 
broken filament left in the deposition chamber  o r  accumulat ion of t i tanium 
compound deposi ts  in var ious  p a r t s  of the chamber .  
The usual  causes  for  the profile to change w e r e  p ieces  of 
Attempts  were  made  to m e a s u r e  the fi lament t e m p e r a t u r e  with the use of a 
2-color  pyrometer .  
t ron ics  of the p y r o m e t e r  whenever  the p y r o m e t e r  w a s  c lose  enough to the 
CVP unit for a t e m p e r a t u r e  measu remen t .  
It w a s  found that the r f  cu r r en t  i n t e r f e red  with the e lec-  
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A fur ther  attempt was  then made to measu re  the f i lament  t e m p e r a t u r e  with an 
ordinary optical py romete r .  
chamber  into the CVP unit and taking a filament t e m p e r a t u r e  reading before  
T i  compound deposi ts  clouded the chamber .  
moved f r o m  the oven to eliminate another source of cor rec t ion  fo r  the reading. 
Using this method, an uncorrected temperature  reading of 1150°C w a s  obtained. 
The ordinary cor rec t ion  fo r  the chamber  glass i s  about 10°C resul t ing in a 
cor rec ted  reading of 1160" C. 
This  was  done by placing a clean deposition 
The Vycor  window was  a l so  re-  
The operabili ty of the CVP unit was  improved considerably during this phase 
of the contract .  A f t e r  the CVP unit became operable,  average TiBz f i lament  
preparat ion exceeded 400 f t /day  with a number of runs  in excess  of 600 f t /day .  
In the init ial  work thi-s average  was  approximately 150 f t /day.  
f ac to r s  leading to the improvement  w e r e  cleaner deposition chambers  and the 
bet ter  defined plating zone of the fi lament.  
The biggest  
The oven t e m p e r a t u r e  was  maintained near  500°C in m o s t  of the runs  and T i  
compound deposi t  At t e m p e r a t u r e s  of 450 to 475°C 
the buildup w a s  much f a s t e r .  
chamber  deposi ts  falling on the fi lament.  
buildup was  ve ry  slow. 
The re  w e r e  virtually no f i lament  breaks  due to 
The addition of the e l ec t r i ca l  grounding stubs to the deposition chamber  gave 
the fi lament a well-defined plating zone. 
f i l ament  in a r e a s  outside of the s tubs par t icular ly  a t  the s ta r t -up  of a run. 
This prevented overheating of the 
Most  of the f i lament  breaks  which did occur w e r e  due to the preparat ion of 
weak f i lament  a t  the beginning of a run. Occasionally a break was  caused  by 
a piece of broken f i lament  l e f t  in the chamber  which caused local overheating 
of the new f i lament .  
The combination of the c leaner  deposition chamber  and the m o r e  uniform hea t  
zune of the subs t ra te  i s  believed responsible fo r  the higher tensi le  s t rength 
and the be t te r  appearance  of the TiBz filament produced during this period. 
A total  of 12, 100  f t  of TiBz f i lament  prepared under  the supplemental  f i lament  
prepara t ion  phase of the cont rac t  was  shipped to TRW Systems,  Redondo 
Beach, California fo r  future  experiments .  
i t s  preparat ion i a  given in Table V. 
A descr ipt ion of the f i lament  and 
Filament speed was  2 0  in. /min  in a l l  runs .  
Only a l imited number of t i tanium analyses and density determinat ions w e r e  
run  on fi lament produced in the supplemental phase of the p r o g r a m .  
tensi le  s t rength i s  the one measu rab le  property which bes t  desc r ibes  the 
overa l l  quality of the fi lament,  considerable emphas i s  was  placed on the 
Since 
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R u n  N o .  
TI?-5  
T B - 6  
T B - 7  
T R - X  
T B - 9  
T B - I O  
T B - I 1  
T B - 1 2  
T B - 1 3  
T B - 1 4  
T B - 1 5  
T B - 1 6  
T B - 1 7  
T B - 1 8  
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T B - 2 1  
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T B - 2 9  
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Ent.  
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38. 7 
26. 3 
38. 7 
26. 3 
38. 7 
26. 3 
38. 7 
26. 3 
38. 7 
26. 3 
38. 7 
2 6 .  3 
38. 7 
26 .  3 
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7 1J-31 
1 r - 3 L  
T B - 3 3  
T B - 3 4  
T B - 3 5  
T B - 3 6  
T B - 3 7  
T B - 3 8  
T B - 3 9  
T B - 4 0  
T B - 4 1  
T B - 4 2  
T B - 4 3  
T B - 4 5  
T B - 4 6  
T B - 4 7  
T B - 4 8  
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5 .  0 
5 .  0 
5.  0 
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5 .  0 
5 .  0 
3x 7 
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26. 3 
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2. 1 
2 . 5  
2 . 3  
2 . 1  
2 . 0  
2.  4 
2 . 5  
2 . 5  
2. 6 
1 . 7  
2.  3 
2. 1 
2. 6 
2: 6 
2. 6 
5 9 - 1 4 ]  
21 -260  
48-251 
20-278 
1 1 0 - 5 0 2  
220.272 
1 4 0 - 3 0 1  
71-381 
130-241 
179-259 
79-431 
7 9 - 3 1 9  
35-285 
180-261 
120-335 
72-325 
148-331 
28-208 
96  140 
146 3 1 5  
9b 355  
158 400 
315 615 
240 250 
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determinat ion of a good average  tens i le  s t rength  f o r  each  batch of fi lament.  
Other  data which w e r e  obtained a r e  included in section Ii/(H) F i b e r  P rope r t i e s ,  
Supplemental TiBz Fi lament  P repa ra t ion .  
Experiments  w e r e  run to de t e rmine  the effect of subs t ra te  t r a n s i t  speed vs .  
TiBz fi lament final d iameter .  The r e su l t s  a r e  tabulated below: 
Subs t ra te  Fa te  of T rans i t  ( in/rnin) Final  Diameter  of F i lament  (mils) 
7 . 5  
1 2 , 5  
18 
21 
3 .  8 
3 .  3 
2. 8 
2. 5 
G. FIBER PROPER TIES (INITIAL TiB, FILAMENT PREPARATION) 
In addition to the f iber  s t rength and density reported in the previous section, 
some  determinations w e r e  made  of modulus,  ha rdness  and c r o s s  sect ional  
and surface appearance.  
s amples  of continuous TiBz f i lament .  
the buckling load of a long s lender  column (the f ibe r )  a s  descr ibed  i n  the 
appendix. 
E las t ic  modulus measu remen t s  w e r e  made  on t h r e e  
The method involved determinat ion of 
The r e su l t s  a r e  tabulated below 
Elas t ic  
D iame te r  Modulus 
Sample P rope r ty  Data from Table IV Mils  Million ps i  
Average Ten-  Average De- 
s i le  Strength posi t  Density 
kps i  g /  c m 3  
JH-24 168 4. 38 
JH-27 100 4 . 4 4  
JH-30 123 4. 18 
3 .  5 61. 4 
3. 6 53. 3 
2 .  65 116. 0 
2. 65 57. 5 
2. 55 4 5 . 7  
3. 35 71. 5 
These  values a r e  general ly  somewhat lower than the range  of 75 to 84 mill ion 
obtained o n  batch prepared  f i b e r s  reported f o r  the previous p r o g r a m  (1). 
ever ,  t he  value of 116 mill ion f o r  one sample  of run  JH-27 appea r s  to be a 
valid value, The  
d i a m e t e r s  were  checked repeatedly and the f iber  was  de l ibera te ly  broken off 
to p e r m i t  measurement  a s  a s h o r t e r  length. The s a m e  ave rage  value of 116 
How 
This  s ample  was  r e r u n  Seven t imes  with the s a m e  resu l t .  
44 
mill ion was  obtained. 
dicated by the c r o s s  sect ional  examination d i scussed  below. 
One possible  reason  fo r  the high value m a y  be in- 
opera t ion  p r e p a r a t o r y  to taking a p ic ture ,  the m a t e r i a l  broke out of the pol- 
ishing mount.  
be polished. However,  a sketch of the near ly  polished JH-27 was  made  and 
is shown in F ig .  15. It appea r s  that  t he re  w a s  a substant ia l ly  l a r g e r  area of 
homogeneous m a t e r i a l  than observed  fo r  JH-24 and JH-30 and th i s  sugges ts  
that  the s t i f fness  of a completely uniform TiBz deposit  might indeed be quite 
high. 
Because  of t ime  limitation, no additional sect ion of f ibe r  could 
The h a r d n e s s  of the m a t e r i a l  in JH-24 and JH-30 was  m e a s u r e d  on a Tukon 
m i c r o  h a r d n e s s  t e s t e r .  These  r e s u l t s  were  obtained fo r  u s  a t  the Texaco R e -  
s e a r c h  Center ,  Beacon, New York. Figure 16 shows the c r o s s  sec t ions  used 
in  the h a r d n e s s  t e s t .  
14, but lighted by oblique illumination which r e v e a l s  an  uneven sur face  caused  
by "rel ief  polishing". The cen t r a l  plane region, P, had a Knoop h a r d n e s s  
number  ( 5 0 - g r a m  load) of 2600 kg/mm2, while the high t o r u s  region, 
a number  of 4250. 
JH-24  i s  the s a m e  polished c r o s s  sect ion seen  in F i g .  
T,  had 
In Fig.  16, JH-30A i s  the s a m e  c r o s s  section as shown in Fig.  14, but with 
the h a r d n e s s  t e s t  indentations.  The two large m a r k s ,  indicated by a r r o w s ,  
w e r e  made  with 50 -g ram loads but t hese  were  too l a rge  for  th i s  type of sam- 
ple. JH-30B i s  a repol i shed  
face  of JH-3OA, and additional indentations w e r e  made.  The length of each  
s c a r  w a s  m e a s u r e d  t h r e e  t i m e s  and averaged. 
co r re sponds  to the  numbered  indentations. F r o m  these ,  it appea r s  that  the 
light bands a r e  s ignif icant ly  h a r d e r  than the d a r k  bands. 
All other  s c a r s  w e r e  made  with 25 -g ram loads. 
The h a r d n e s s  tabulated below 
2 Knoop Hardness  No. , Kg/mm 
Sca r  No. Photo 25 -g ram load 
1 
2 
JH-30A 4800 
2 140 
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t”‘ 
(b)  
F i g .  14 Photomicrographs of Cross-Sections of T B2 Fibe r s  
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Fig. 15 Sketch of Semi-pol i shed  Cross  Section of TiB2 F ibe r  JH-27 
-47  - 
I 
F i g .  16 Photomicrographs of Cross-Sect ions of T 
in Microhardness  Testing 
- 4 8 -  
TEI-1981 
B2 Fibers  U s e d  
4310 
4060 
2355 
3440 
Spalled out 
JH-30B 2390 
3700 
4390 
2265 
3530 
2040 
4070 
F i g u r e  17 shows the relatively smooth surface appearance of two samples  
which a r e  typical of the produced fi lament.  
H. FIBER PROPERTIES (SUPPLEMENTAL TiB, FILAMENT PREPARA- 
TION) 
Density determinat ions w e r e  made  on pieces of f i lament  taken f r o m  run  
Nos. TB-9 and TB-35. 
terial  w e r e  4 . 4 3  and 4 . 4 6  g/ c m 3  which a r e  c lose  to  the theore t ica l  densi ty  
value of 4 .50  g/crn3. X-ray  analysis  of a few samples  showed TiB, and W 
to  be present .  
The respec t ive  density values  of the deposited ma- 
Samples  f r o m  run  Nos. TB-9 and TB-13 were  analyzed co lor imet r ica l ly  fo r  
t i tanium and boron content. The analysis  showed the samples  to  have B / T i  
ratios of 1 .  93  and 1.  96 respect ively compared to 2. 0 f o r  s toichiometr ic  TiB,. 
E la s  t ic modulus measu remen t s  w e r e  made with both tensi le  and compress ion  
type exper iments  on TiB, f i lament  f r o m  run  No. TB-9. 
showed ave rage  values  of about 71 x lo6  psi. 
Both types of tests 
The  ave rage  tens i le  s t rength  distribution of TiB, f i lament  p repa red  in the 
supplemental  phase of the cont rac t  i s  shown below: 
Average Tens i le  Strength Distribution 
12 ,100  1 
no. feet in each range x 100 
( 
R ange % 
Below 100 kps i  
100-125 kpsi 
- 4 9 -  
5 . 7  
1 1 . 0  
TEI -2410 
... 
(b)  
Fig.  17 Photomicrographs of the Surface of TiBz F i b e r s  
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125 7150 kps i  
175-200 kps i  
200-225 kpsi  
25 0 - 27 5 kps i  
275 -300 kpsi  
over  300 kps i  
150-175 kps i  
225 -25 0 kps i  
7 . 4  
5 . 0  
4. 8 
15. 3 
21.7 
11 .2  
1 1 . 3  
6. 6 
100 .0  
The above f igures  show that approximately two th i rds  of the ma te r i a l  has  
average  tens i le  s t rengths  in excess  of 200 kps i .  
A highly etched c ross - sec t ion  of f iber  T B - 8  is shown in  F i g u r e  18. Although 
the axis  of the f ibe r  was  not perpendicular to the face  of the mount, th i s  
possessing relat ively high tensi le  strength. 
I 
I 
f 
photograph is used to  point out the absence of r ings  i n  the TiBz f i lament  
I 
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Fig. 18 Photomicrograph of Cross-Section of TiBz F ibe r  P r e p a r e d  
in Supplemental TiBz Fi lament  Prepara t ion  P r o g r a m  
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I 
V. H I G H  T E M P E R A T U R E  S T R E N G T H  
D E T E R M I N A T I O N  O F  T i B ,  F I B E R S  
In work done in the previous cont rac t  (1)  tes ts  w e r e  run  on TiB, f ibers  
which resu l ted  in considerable  weakening and spall ing of the deposi t  when 
the f i b e r s  w e r e  heated to t empera tu res  of 2000°C and above in e i the r  i ne r t  
gas  o r  in  c o r r o s i v e  a tmospheres .  
this phenomenon by running high tempera ture  t e s t s  on TiBz f ibe r s  prepared  
in this p rogram.  
It  was  decided to fu r the r  investigate 
In pre l iminary  exper iments  s eve ra l  samples  of TiBz f i lament  which had 
been prepared  in the c ros s - f low r e a c t o r s  w e r e  heated to  t empera tu res  up 
to 1800°C fo r  per iods up to 2 hours  in argon a tmosphe res .  The apparatus  
used f o r  the exper iments  was  s imi l a r  to that shown in F i g .  1. Cons idera-  
ble c racking  and spalling of the f ibers  occurred  during the t e s t s .  X- rays  
taken of the samples  before and af ter  the t e s t s  showed varying degrees  of 
c o r e  interact ion with the deposit .  Before heating, x - ray  analysis  of the 
samples  showed the presence  of TiB,, Ta, and TaB,. (The TiB2 was  d e -  
posited on 2 mil Ta  subs t ra tes .  ) After the t e s t s ,  x - r a y  analyses  showed 
TiB,, Ta,  and TaB, and in one sample a new phase was  found which was  
tentatively thought to be TaTiB,. 
An appara tus  was then designed and constructed fo r  u se  i n  the high t empera -  
t u r e  tensi le  testing of f i be r s  prepared in this p r o g r a m  (Fig.  19). 
components of the apparatus  a r e  a bell j a r ,  a water-cooled electrode a s s e m -  
bly, a hea t  shield, and a mechanical vacuum pump. F i b e r s  a r e  heated r e -  
s is t ively in  the apparatus  to tempera tures  in excess  of 2000°C i n  a rgon  
a tmosphe res .  
m e t e r  by observing the sample  through a s l i t  in the hea t  shield, The e l ec -  
t rodes  contain m e r c u r y  f o r  making e lec t r ica l  contact  with the f iber  and a r e  
located on each  side of the hea t  shield.  One end of the f i b e r  to be tes ted i s  
glued to a sho r t  nichrome wi re  which is fastened rigidly to a support  inside 
the bell j a r .  
pulley f r o m  which the w i r e  extends loosely through the base of the appara tus .  
A container  to which m e r c u r y  i s  added during a t e s t  i s  hung on the end of 
the w i r e  below the base .  
the a tmosphere ,  
l a t e r  purged with a rgon  during the f ibe r  tes t .  
of the f i b e r  is calculated f r o m  the weight of m e r c u r y  needed to  break a 
f ibe r  during the t e s t .  
The chief 
Tempera tu re  measurement  i s  made  with an optical pyro-  
The other  end of the f ibe r  isglued to a w i r e  supported by a 
The bell j a r  seals the p a r t s  above the base f r o m  
P r i o r  to a tes t ,  a i r  is  pumped f r o m  the bell j a r  which i s  
The high t empera tu re  s t rength 
Severa l  pyrolytic graphi te  and TiB, f ibers  w e r e  tes ted in the apparatus  a t  
room t empera tu re  before any high tempera ture  tens i le  t e s t s  w e r e  run. 
r e su l t s  of these t e s t s  w e r e  in the s a m e  general  range a s  those obtained in 
The 
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ELECTRODE 
ASS EM BLY 
TEI - 1986 
I. WATER INLET 8. NYLON PULLEY 15. MERCURY 
2. WATER OUTLET 9. ELECTRODE 16. BUCKET FOR MERCURY WEIGHT 
3. TO VACUUM IO. ARGON INLET I f .  WATER OUTLET 
4. HEAT SHIELD I I .  WATER OUTLET 
5. TEST F-IBER 12. SUPPORT WIRE 19. COOLING WATER 
6. STAINLESS STEEL WIRE 13. GLUED JOINT 20. MERCURY CONTACT 
7. GLUED JOINT 14. MERCURY SUPPLY 21. TO MERCURY RESERVOIR 
18. TEST FIBER 
Fig. 19 Schematic of High T e m p e r a t u r e  Test ing Apparatus  
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standard tensi le  t e s t s .  In another experiment a pyrolytic graphi te  f ibe r  
was  heated to 2500°C in the apparatus  to de t e rmine  how well  the var ious  
components of the apparatus  would behave during high t empera tu re  t e s t s .  
No  overheating of any of the components occurred  and good e l ec t r i ca l  con-  
tac t  was  maintained for  s eve ra l  minutes.  
T h r e e  selected TiBz f ibe r s  w e r e  then tested in the appara tus  a t  800, 
1600, and 2000°C. 
room t empera tu re  data  obtained f r o m  standard tensi le  t e s t s .  
t e s t s  the f ibe r s  did not break when the mercu ry  container  was  completely 
filled. Thus the f igures  given a r e  minimum values .  
1200,  
In the 800°C 
Table VI shows the resul ts  of these t e s t s  a s  wel l  a s  
Table VI shows l i t t le  o r  no weakening of the TiB, f ibe r s  a t  800"C, but con-  
s iderable  l o s s  of s t rength has  occur red  a t  1200°C and 1600°C.  
possible  explanations a r e  offered fo r  the rapid s t rength l o s s  above 800°C.  
One i s  tha t  the core ,  which i s  believed to be mainly unreacted subs t r a t e  
meta l ,  in te rac ts  with the contiguous deposit  a t  high t empera tu re  to locally 
change the stoichiometry of the TiB, deposit and possibly produce voids o r  
c r a c k s  in the deposit .  
t empera tu re ,  
a m a t t e r  of minutes.  
m o s t  of the polished TiB, c ross -sec t ions  show considerable  layer ing  of the 
deposi t .  Microhardness  t e s t s  show the d a r k  l a y e r s  to be much sof ter  than 
the l ight l a y e r s  indicating a difference in chemica l  composition of the l aye r s  
o r  the p re sence  of porosity in the d a r k  l aye r s .  Upon heating, c racking  may 
occur  f r o m  s t r e s s e s  s e t  up by porosi ty  o r  by voids resul t ing f r o m  l aye r  
interact ion.  
ana lys i s  of the f ibers ,  before testing, generally show a high t i tanium con-  
tent.  If f r e e  t i tanium was  p resen t  a t  t empera ture  where  melt ing could 
occur ,  this  would r e su l t  in considerable f ibe r  s t rength lo s s .  However, 
this  does  not account f o r  s t rength  l o s s  in the t empera tu re  region of 1200- 
1600°C. 
T h r e e  
I Since the boron atom i s  ex t remely  mobile a t  high 
A second explanation is  der ived f r o m  the fac t  that  
considerable  interact ion of c o r e  and deposi t  should occur  in 
The third explanation i s  derived f r o m  the f ac t  that  chemica l  
F i g u r e  2 0  shows a c ros s - sec t ion  of a TiBz f iber  a f te r  the f ibe r  was  heated 
to  1800°C fo r  45 minutes .  Much spalling has  occur red  in the outer  l aye r s ,  
while the c o r e  and innermost  deposi t  l a y e r  a r e  re la t ively unchanged. This 
indicates  that the outer  regions of the depasit  have been ser ious ly  weakened 
by the heating p rocess .  
la ted to one o r  m o r e  of the above explanations. 
The exact  reason f o r  this phenomena may be  r e -  
High t empera tu re  data w e r e  a l so  obtained on TiBz f i lament  prepared  in  the 
supplemental  phase of the program.  Since these f ibe r s  w e r e  known to have 
a much higher  room t empera tu re  tensile s t rength than those previously 
tes ted,  the apparatus  was  equipped with a l a r g e r  m e r c u r y  container  S O  that  
h igher  s t rengths  could be measured ,  particularly a t  the lower t e s t  t empera -  
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Table VI  
TENSILE STRENGTH DATA FOR TiBz FIBERS 
R .  T .  800" C 1200"  c 1 6 0 0 ~  C 2000" c 
Tensi le  Tensi le  Tens i le  Tens i le  Tens i le  
Strength Strength Strength Strength Strength 
F i b e r  No. kps i  kps i  kps i  kps i  kpsi 
JH-24 167-170 > 75 40 1 2 . 9  < 3  
(1 68 Avg) 
JH-30 105-141 > 100 65 15. 3 4 . 7  
( 1 2 3  Avg) 
JH-54 74-131 > l o o  67 20 .0  9 . 3  
(108 Avg) 
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Fig .  2 0  Photomicrograph of C r o s s -  Section of TiB, F i b e r  Heated 
to 1800°C for  4 5  Minutes 
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t u re s .  A t e s t  was  run  in this  s e r i e s  a t  1000°C instead of 800°C in o r d e r  
to fu r the r  pin down the t empera tu re  a t  which the f ibe r  s t rength  begins to 
d r o p  rapidly. The  data  a r e  shown below: 
F i b e r  Room Temp.  1000" c 1200" c 1600" C 2000" c 
No.  T. S. (kpsi)  T .  S. (kps i )  T .  S. (kps i )  T . S .  (kps i )  T. S. (kps i )  
TB -9 155-378 24 7 87 19. 5 5 . 2  
(293 avg) 
Although this  f i lament  re ta ined its tens i le  s t rength through 1000" C, the 
t e s t s  run a t  1600 and 2000°C show the tens i le  s t rength to be in  the s a m e  
range a t  these t empera tu res  a s  the f i lament  prepared  in the ini t ia l  phase 
of the contract .  
tained up to a t empera tu re  nea r  the f i lament  preparat ion tempera ture ,  but 
loses  strength rapidly with increasing t empera tu res  above this  point. 
Apparently the room tempera tu re  tens i le  s t rength is re -  
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V I .  C O N C L U S I O N S  
A. Fi lament  of nominal  TiB, and T i c  composition can be p r e p a r e d  on r e -  
s is t ively-heated 2 -mi l  d i ame te r  tantalum subs t r a t e s  in heated c ross - f low 
r e a c t o r s .  
r ec t ly  r e l a t ed  to a subs t r a t e  t empera tu re  gradient p rob lem which i s  a s s o -  
c ia ted with the p repa ra t ion  of deposi ts  of good e l e c t r i c a l  conductivity on r e -  
s is t ively-heated s u b s t r a t e s .  
duced but not e l iminated by the use of heated co i l s  in  the r e a c t o r  below the 
cool end of the  subs t r a t e  and by the use of s u b s t r a t e s  with re la t ive ly  la rge  
d i ame te r s .  
The low s t rength  of the result ing f i lament  i s  believed to be di-  
The t empera tu re  gradient  p rob lem can  be r e -  
B. 
res i s t ive ly-hea ted  subs t r a t e  a s  it e n t e r s  the CVP region of the c ross - f low 
reac to r ,  can  be el iminated by the combination of the use  of l a r g e r  d i ame te r  
s u b s t r a t e s  and the use  of a rgon  instead of helium a s  the diluent gas  in the 
CVP gas  mix tu re .  
The "hot spot" problem,  which r e f e r s  to the s e v e r e  over -hea t ing  of a 
C. 
like conductors  in  con t r a s t  to  B, S i c ,  and B4C which a r e  semiconductors .  
The l a t t e r  because  of t he i r  high resis t ivi ty ,  compared  to  the subs t ra te ,  a r e  
amenable  to p repa ra t ion  by r e s i s t ance  heating s ince  the conductivity of the 
f iber  i s  only sl ightly a l t e r ed  during the deposition. 
i n c r e a s e  the f iber  conductivity roughly in  proport ion to the c r o s s  sect ion of 
the growing f ibe r .  
TiB2, T i c  and o the r  t rans i t ion  m e t a l  borides and ca rb ides  a r e  meta l l ic -  
The meta l l ic - l ike  deposi ts  
Th i s  l eads  d i rec t ly  to the t e m p e r a t u r e  gradient  problem.  
D. S ta in less  s t ee l  e l e c t r i c a l  contacts  can be used  in  place of m e r c u r y  con- 
t a c t s  in C V P  r e a c t o r s  where  the p repa red  f i lament  h a s  re la t ively high e l ec -  
t r i c a l  conductivity such  a s  TiBz and T i c .  
E .  
radiofrequency-heated subs t r a t e s .  The  TiB2 f i lament  d i ame te r ,  under  o the r -  
wise  constant  conditions, is a function of subs t r a t e  speed. The d i ame te r  
a v e r a g e s  2.  6 m i l s  when p r e p a r e d  on  0. 5 mi l  W subs t r a t e  a t  a speed of 20 
in. /min  where  split-flow r e a c t o r s  a r e  used, and subs t r a t e  t e m p e r a t u r e s  of 
1160 to 1200°C a r e  maintained ove r  a uniform t e m p e r a t u r e  zone of 32 inches 
long by rad io  frequency heating. 
High s t rength  continuous TiB, fi lament can  be p r e p a r e d  successful ly  on 
F. 
th i s  cont rac t ,  it a p p e a r s  possible  to  p repa re  TiBz continuous f i lament  with 
average  tens i le  s t rengths  in  the range of 200 to 300 kpsi  with individual 
values  in  e x c e s s  of 500 kpsi,  e l a s t i c  moduli in e x c e s s  of 7 0  x 10 ps i ,  a 
densi ty  of approximately 4. 5 g /cc  and a Knoop h a r d n e s s  (25  gram load) up 
to 4800 kg/rnm2. 
F r o m  the  evaluation of data  obtained on TiB2 f i lament  p r e p a r e d  under 
6 
t 
-59 -  
G. The tensile s t rength  of the TiBz f i lament  d rops  off rapidly above 1000°C. 
Th i s  may be caused by reac t ion  of the c o r e  with the deposit  at  high t e m p e r a -  
t u r e  o r  be re la ted  t o  the r inged s t r u c t u r e  which o c c u r s  in much of the TiBz 
f i lament  . 
H. 
to affect  the fi lament tens i le  s t rength .  
in a sample of TiBz f i lament  which had an  average  t ens i l e  s t rength  of 274 kpsi. 
Much of the continuous TiBz f i lament  h a s  ring s t r u c t u r e  which i s  believed 
Li t t le  o r  no r ing  s t r u c t u r e  w a s  found 
I. 
f r o m  TiCl, and carbon p r e c u r s o r s .  Reaction products  fo rmed  by the r e -  
duction and/or decomposition of the above compounds prevent  continuous 
operat ion of r e a c t o r s  because of s e v e r e  obscura t ion  of the r eac to r  wal l .  It 
is also difficult to obtain homogeneous T i c  deposi ts  in  a control led manner .  
Ti tanium carb ide  f i lament  i s  ex t r eme ly  difficult to  p r e p a r e  by coplating 
J. 
up to 243, 000 kpsi  can be p r e p a r e d  on 1 mil d i ame te r  tungsten subs t r a t e s  
f r o m  the  decomposition of CHSTiC13 at  1000 to 1100°C. 
i s  ve ry  unstable which might make  it difficult  t o  adapt i t s  use  to continuous 
T iC fi lament prepara t ion .  
Ti tanium carb ide  f i lament  (1.  4 to 2. 0 m i l s  d i ame te r )  with tens i le  s t rengths  
This  plating compound 
K. A combination of rf c u r r e n t  and d i r ec t  c u r r e n t  can  be used to heat sub- 
s t r a t e  w i r e s  in CVP r e a c t o r s .  The combination g ives  g r e a t e r  heating effi- 
ciency and longer  heated s u b s t r a t e s  than when r f  power alone i s  used, and a 
subs t r a t e  t empera tu re  gradient  does not occur  a s  when dc power alone i s  used. 
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V I I .  R E C O M M E N D E D  F U T U R E  W O R K  
The  f i b e r s  p repa red  in  this p r o g r a m  will  be composited e l sewhere  by a NASA 
con t rac to r  and tes ted  f o r  effect iveness  a s  an ablation reinforcement. 
f i be r  p repa ra t ion  i s  contemplated a t  this t ime. 
to be done with TiBz f i laments ,  the following a spec t s  should be cons idered .  
N o  fu r the r  
However, if  additional work  i s  
1 .  
wal l s ,  
operat ion.  
men ta l  p r o g r a m  of f iber  p repa ra t ion  they still tend to o b s c u r e  the f ibe r  and 
make  t e m p e r a t u r e  m e a s u r e m e n t  difficult .  Per iodical ly ,  m a t e r i a l  fa l l s  on the 
f iber ,  and this  somet imes  r e s u l t s  in f iber  failure.  This  l a t t e r  problem c a n  
possibly be ove rcome  by using a ve r t i ca l  plating chamber  of sui table  des ign .  
Any dis lodged wal l  depos i t s  would then not fall on the f ibe r .  Wall depos i t s  can  
probably be reduced by vacuum operat ion.  
volati l i ty and p e r m i t  lower wa l l  t empera tu res  with lowered probabili ty of TiC1, 
format ion .  
demonst ra ted  and the equipment des ign  using radiofrequency heat ing would be 
m o r e  complex.  
Deposi ts  on plating chamber  wal l s .  The depos i t  of TiC1, on the r e a c t o r  
toge ther  with the disproport ionat ion to TiClz add to the difficulty in 
Although the depos i t s  w e r e  substantially decreased  in the supple-  
This  would i n c r e a s e  the TiC13 
The  feasibi l i tyaf  TBz preparat ion under vacuum would have to  be 
2. T e m p e r a t u r e  measu remen t .  The t empera tu re  m e a s u r e m e n t  of the fila- 
ment  is made  difficult by the wal l  depos i t s  a s  d i scussed  above.  
va r ious  s c h e m e s  fo r  providing c l e a r  windows can  be devised  and the  u s e  of a 
two-color py romete r  suitably protected by screening  aga ins t  rf in t e r f e rence  
m a y  give m a j o r  improvement  even under cu r ren t  conditions. 
However,  
3 .  
operat ion,  
eve r ,  du r ing  the f i r s t  2 - 5  minutes a f te r  s tar tup the s u b s t r a t e  i s  r ende red  very  
weak and the f i lament  is apt  to  b reak  until it h a s  built  up to p r o p e r  s i ze .  
opera t ion  can  be continued f o r  m o r e  than about 5 minutes ,  the opera t ion  becomes 
sa t i s f ac to ry .  
s tant ia l ly  reduced by utilizing a ve r t i ca l  plating c h a m b e r .  
Subs t r a t e  weakness  dur ing  s ta r tup .  When the f i l amen t  i s  broken dur ing  
the res t r ing ing  of the subs t r a t e  was not espec ia l ly  difficult. How- 
If 
The tension on the subs t r a t e  and the re fo re  f a i lu re  could be sub-  
4. 
r ing  s t r u c t u r e .  Any operat ional  improvement  which wil l  give a more uniform 
depos i t  should be valuable.  Improved control of gas  composition, g a s  flow 
dynamics ,  t empera tu re ,  subs t r a t e  t r anspor t  tension and speed, and r ad io -  
f r equency  power should be sought. 
F i b e r  r ing  s t ruc tu re .  F i b e r  quality can be improved by reduct ion in the 
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V I I I .  A P P E N D I X  
1.  Calibration of Equipment 
The  equipment used in connection with p r o c e s s  cont ro l  o r  da ta  acquisition, in -  
cluding ro t ame te r s ,  optical  pyrometers ,  take-up r ee l s ,  and a d i a m e t e r  m e a -  
sur ing  device, w a s  ca l ibra ted .  The r o t a m e t e r s  w e r e  cal ibrated by var ious  
methods,  depending upon the chemica l  react ivi ty  of the g a s  o r  liquid. Helium, 
argon,  hydrogen, and n-butane w e r e  passed through a soap  solution into a ca l i -  
b ra ted  glass  tube where  flows w e r e  de te rmined  by t iming the movement  of gas  
bubbles through the tube. The  TiC14 flow was  measu red  a s  a liquid by passing 
i t  f r o m  a pres su r i zed  r e s e r v o i r  through the r o t a m e t e r  into a bu re t  under a 
cover  of argon. 
r o t a m e t e r  into w a t e r  to f o r m  H3B03 and HCl. 
ple  was  determined and calculated a s  BCl,. 
s t i tute  f o r  BCl, in  cal ibrat ion by the gas  bubble method was  a l s o  uti l ized. 
The  two methods w e r e  found to  give comparable  flow da ta  r e su l t s .  
Flows of BCl, w e r e  measu red  by passing the gas  through the 
The  boron content of each s a m -  
The u s e  of F r e o n  12 a s  a sub-  
2. Gas  Analysis 
Analyses  f o r  TiCl,, H, and BC1, w e r e  furnished by the respec t ive  vendors  and 
a r e  shown below: 
TiC14 f r o m  National Lead Company 
I ron  < . O O O 9 0 / ,  Nickel < . 000470 
V an ad ium < . 0 0 0 2 ~ 0  Lead  < .0002~0 
Silicon < . 00470 C h r o m i u m  . O O O O 5 %  
Tin . 0 2 %  Copper  < . OOOO5% 
Aluminum . 00370 Magnes ium < .  0 0 0 0 6 ~ 0  
Antimony < . O O l %  Manganese  < .  00002% 
H2 f r o m  The Matheson Company 
Oxygen < . O O O l ~ O  
Methane < .  00002% 
Nitrogen < . 000570 
Dew Poin t  Be t t e r  than - 8 5 ° F  
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BC13 f r o m  Amer ican  Potash and Chemical  Co. 
Boron Tr ich lor ide  > 99. 90% Phosgene <. 085% 
Chlorine <. 01% Silicon <. 0005% 
On long t i m e  standing, HCl tends to build up in the BC13 supply cylinder,  p r e -  
sumably by react ion with mois ture  t rapped in B2O3 scale  on  the container walls.  
The  HCl content w a s  found by the T E I  analytical section to be 0. 7%. Th i s  was  
reduced and kept low by periodic bleeding off the vapor f r o m  above the liquefied 
BC13 in the cylinder.  The n-C&IIo w a s  C. P. g rade  (99. 0% min.  purity) and was  
purchased f r o m  The Matheson Co. 
min. purity) and the hel ium was  C. P. grade (99.  99770 min.  pur i ty) .  Both of 
these  gases  w e r e  obtained f r o m  Air  Products  and Chemicals  Inc.  
cautions w e r e  taken to  be s u r e  the argon contained no moi s tu re  by passing the 
s t r e a m  to the plating chamber  over  titanium m e t a l  turnings maintained at  900" C. 
- The argon w a s  high puri ty  g rade  (99. 996% 
Fur the r  p r e -  
I 
3 .  - Chemical  Analysis for  Ti tanium and Boron 
Initially, the t i tanium diboride f i b e r s  were  analyzed quantitatively fo r  t i tanium 
by the following procedure .  F i r s t ,  the f ibers  w e r e  weighed on a Cahn Micro-  
balance, and the i r  lengths w e r e  measu red .  They w e r e  then placed in covered 
teflon beakers  and dissolved in a hot solution composed of concentrated n i t r i c  
acid and one mi l l i l i t e r  of concentrated hydrofluoric acid.  The  solutions w e r e  
cooled, five mi l l i l i t e r s  of concentrated sulphuric acid w e r e  added and the solu- 
t ions w e r e  reheated without cove r s  to  remove the fluoride ion and wa te r .  When 
the volumes of liquid w e r e  reduced, the samples  w e r e  t r a n s f e r r e d  to E r l e n -  
meyer  f l a s k s  and covered with s t i l l  heads (condensers )  f o r  refluxing. They 
were  heated until fumes  of sulphur trioxide evolved fo r  a few minutes.  The 
samples  w e r e  cooled and placed in volumetric f lasks .  Two mi l l i l i t e r s  of hy- 
drogen peroxide,  which f o r m s  a yellow colored complex ion with t i tanium, 
w e r e  added to  each f lask,  and they w e r e  then fi l led with disti l led water  and 
mixed well .  
and Lomb Color imeter  o r  a Beckman DU Spectrophotometer (constant s ens i -  
t ivity) at 410 mi l l imicrons  against  wa te r  as a blank. The absorbances  of the 
samples  w e r e  compared to those obtained on s tandard t i tanium solutions p r e -  
pa red  f r o m  Bureau  of Standards TiO2. 
The absorbance of each  sample w a s  then m e a s u r e d  on a Bausch 
It w a s  thought possible to improve the speed and accuracy  of the t i tanium anal-  
yses  by using atomic absorption f lame spec t rometer  techniques.  However, it 
was  found tha t  the fluoride would interfere  and it hsd to be completely expelled 
f r o m  the HF-HN03 solution and th i s  w a s  difficult and t ime  consuming. It w a s  
d iscovered  that the f i b e r s  could be satisfactorily dissolved in 3070 HzO, solution, 
but unfortunately the peroxide also interfered with the atomic absorption 
method. The  f inal  procedure  employed solution by peroxide,  followed by 
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sui table  water  dilution and measu r ing  the t i tanium content co lor imet r ica l ly .  
Standard solutions of slightly lower  T i  content  and containing about the amount  
of boron as the f i b e r s  w e r e  used a s  r e fe rence  blanks on the DU spectrophoto-  
m e t e r .  
found to be within 0.  1 ppm in the working solution. The t i tanium content  was  
c o r r e c t e d  fo r  the subs t r a t e  content so  that the repor ted  r e s u l t  r e p r e s e n t s  the 
t i tanium percentage i n  the TiB, deposi t .  
determined in a f iber ,  boron was  analyzed in  another  aliquot of the sample  
solution by a t i t r i m e t r i c  method. 
d a r d  f o r  the ana lys i s .  
The prec is ion  was  l imi ted  by the absorbance  m e a s u r e m e n t  and was  
When both t i tanium and boron w e r e  
High puri ty  boric acid was  used a s  a s t an -  
4. Tensile Strength Determinat ions 
The tensile s t rengths  of f i b e r s  produced i n  this  p r o g r a m  w e r e  de t e rmined  on 
a Model TM-LIns t ron  tens i le  t e s t e r .  The samples  w e r e  1 in. gage length 
and w e r e  tes ted a t  a c r o s s  head speed of 0. 05 in. p e r  minute .  The d i a m e t e r  
of each sample was  de te rmined  f r o m  measuremen t s  made  on an optical  c o m -  
pa r a  t o r .  
5 .  Density Determinat ions 
The TiB, dens i t ies  w e r e  de te rmined  f r o m  the volume and m a s s  of a given 
length of f iber .  
i t s  d i ame te r  and length w e r e  m e a s u r e d  to 
spectively.  The dens i t ies  w e r e  co r rec t ed  f o r  the m a s s  of the c o r e  which was  
computed f r o m  i t s  length, d i ame te r ,  and density,  using the or ig ina l  subs t r a t e  
m a t e r i a l  values of d i ame te r ,  spec imen length, and the densi ty .  
The sample  was  weighed to an accu racy  of * O .  00002 g m  and 
* O .  000635 c m  and * O .  01 c m  r e -  
6. X-ray Diffraction 
X-ray  diffract ion w e r e  run  on a Norelco X- ray  unit using t h e  s tandard  Debye- 
S c h e r r e r  method. 
and 20 ma. 
posed for t h r e e  hours .  
posu res  were  made  fo r  s ix  hours .  
made  pr imar i ly  f r o m  ASTM diffract ion da ta  c a r d s .  
Copper  K,  radiation was  used with a nickel f i l t e r  a t  35 KW 
Samples  of spec ia l  i n t e r e s t  w e r e  powdered and e x -  
Samples  w e r e  run  in  a 57. 3 mm d i a m e t e r  c a m e r a  and w e r e  ex -  
Identification of the d i f f rac t ion  spec t r awas  
7.  Elast ic  Modulus Determinat ion 
The  elast ic  modulus of f ibe r s  was  de te rmined  by two methods.  
based on the c r i t i c a l  buckling load of a long s lender  column ( the f ibe r ) ,  
s h o r t  piece (- 1/2 in. ) of f ibe r  was  placed ve r t i ca l ly  in  a s m a l l  cone-shaped 
r e c e s s  in a platen mounted on one of the heads  of an Ins t ron  tes t ing machine.  
The sample was  held in place by a gel. 
The f i r s t  was  
A 
A v e r t i c a l  compress ion  fo rce  was  
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then applied to the f r e e  end of the f ibe r  by a matching platen with a cone-shaped 
r e c e s s .  The  cone-shaped r e c e s s e s  simply kept  the sample  aligned axially with 
the load. 
a t  2 in. per  minute.  The c r i t i ca l  buckling load was  noted a s  the max imum load 
a t  which the load deflection curve  deviated f r o m  a s t ra ight  line. 
modulus w a s  then computed f r o m  the formula 
The c ross -head  speed was  se t  a t  0. 05 in. pe r  minute and the c h a r t  speed 
The e las t ic  
64 P L 2  
.rr3D4453. 6 E =  
w h e r e  E i s  the e las t ic  modulus in psi ,  P i s  the c r i t i ca l  buckling in g r a m s ,  
L i s  the length of the f iber  in inches, and D is the d i a m e t e r  of the f iber  in 
inches.  The  d i ame te r  D w a s  measu red  on an optical  compara to r  and w a s  
averaged  f r o m  seve ra l  determinat ions.  
The  second method was  based on the change of force  required to produce a given 
change in length pe r  unit length of a f iber  under tension. A f iber  of 10 in. gage 
length was  pulled in a s tandard tensi le  t e s t  using a Model TM-L Instron tens i le  
t e s t e r .  
e las t ic  modulus according to the following formula:  
The  slope of the line obtained on the c h a r t  was  used to calculate  the 
where  E is the e las t ic  modulus in psi, 
given change in length AL p e r  unit length L, and A i s  the c ross -sec t iona l  
a r e a  of the f iber .  
AF i s  the force  required to produce a 
8. C V P  Gas  Ratios 
The  c o r r e c t  CVP gas  ra t io  r equ i r emen t s  for the preparat ion of high s t rength 
TiB2 f i lament  w e r e  found to v a r y  with each style of reac tor  used in  the p r o g r a m .  
Apparently seve ra l  fac tors  influence these requi rements  and include subs t ra te  
t e m p e r a t u r e  and t empera tu re  gradients ,  m a s s  flow r a t e s  of the gases ,  and the 
gas  flow pa t te rns  inside the r e a c t o r s .  
I t  was  noted in the batch r eac to r  work  that  a slightly different CVP gas ra t io  
a l te red  the maximum subs t ra te  t empera tu re  a t  which sma l l  c rys ta l l i t e  TiB, 
could be prepared .  While the 
Hz content of the CVP gas mixture  was  extremely c r i t i ca l  in the batch r eac to r ,  
it was  va r i ed  over  wide ranges in the rf-heated subs t ra te  r e a c t o r s  without f o r -  
mat ion  of poor  quality TiB, f i l amen t .  
the rf r e a c t o r  through the tees  in o r d e r  to protect  the Hg sea ls  r a the r  than in 
This t e m p e r a t u r e  var ied f r o m  1220 to 1295°C. 
However, p a r t  of the H, was  brought into 
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the  C V P  gas  mixture ,  and this  may have resu l ted  in  a C V P  gas  mix tu re  of 
va r i ab le  composition along the en t i re  length of heated subs t ra te .  
a l s o  account fo r  the fac t  that  deposit ion r a t e s  in the r f  r e a c t o r s  w e r e  always 
lower than those obtained in the batch r e a c t o r  f o r  a given length of heated sub-  
s t r a t e  s ince the HZ enter ing f r o m  the t ee s  may have shielded s e v e r a l  inches 
of subs t ra te  f r o m  the C V P  gases .  Another fac tor  which may have resu l ted  in  
lower deposit ion r a t e s  in the rf r e a c t o r s  was the l imitat ion on max imum CVP 
g a s  flows which was  needed to prevent  excess ive  format ion  of t i tanium c o m -  
pounds on the r e a c t o r  wall .  
have occurred  to l imi t  the TiB, deposit ion r a t e .  
Th i s  may  
Sufficient deplet ion of the gas  consti tuents may  
In the cross-f low r e a c t o r s ,  the CVP gas  flow pa t t e rns  w e r e  completely dif-  
f e r e n t  f r o m  the batch and rf r e a c t o r s .  
beneath the subs t r a t e  instead of para l le l  to it and a l s o  due to  the p r e s e n c e  of 
the subs t r a t e  t empera tu re  gradient .  Thus i t  appea r s  n e c e s s a r y  to de t e rmine  
the c o r r e c t  CVP gas  r a t io s  f o r  each s tyle  of C V P  reac to r .  
Th i s  was  due to the flow of g a s e s  f r o m  
9 .  T e m p e r a t u r e  Data in Previous  Work 
In the work of the previous cont rac t  
f iber  prepara t ion  was  s e t  a t  1100°C uncorrec ted .  
they w e r e  taken through a g l a s s  shield and a thick-walled pyrex  r e a c t o r .  Also 
no cor rec t ion  was  made  f o r  1 1 / 2  in. of a tmosphe re  in the r eac to r  which con- 
tained some T i  compound par t ic les .  The combined g l a s s  co r rec t ion  was  m e a -  
su red  a s  t 65"C, but no good es t imate  can  be made  of the a tmosphe re  c o r r e c -  
tion. 
w a s  some  value in excess  of 1165°C. Thus the ac tua l  deposit ion t e m p e r a t u r e  
was  undoubtedly in the co r rec t ed  t e m p e r a t u r e  range  (1160 to 1200°C) used 
throughout the p r e s e n t  p rogram.  
(1) our  max imum tempera tu re  f o r  TiBz 
The  readings  w e r e  low since 
These  cor rec t iona l  f ac to r s  show tha t  our  t r u e  deposi t ion t e m p e r a t u r e  
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Redstone Scientific Information C e n t e r  
Redstone A r s e n a l ,  Alabama 35808 
Attention: Chief, Document Sect ion 
B u r e a u  of Naval  Weapons ( 1 )  
Depar tmen t  of the Navy 20390 
Washington, D. C. 
Attention: J. Kay, Code RTMS-41 
C o m m a n d e r  (1)  
U. S. Naval  Miss i l e  C e n t e r  
Point  Mugu, Cal i fornia  93041 
Attention: Techn ica l  L ih r  a r  y 
C o m m a n d e r  ( 1 ) 
U. S. Naval  Ordnance  T e s t  Station 
China Lake,  Cal i fornia  93557 
Attention : Code 45  
Commander  ( 1 ) 
U. S. Naval  Ordnance T e s t  Stat ion 
China Lake,  Cal i fornia  93557 
Attention: W. F. T h o r m ,  Code 4562 
Commanding Officer (1 )  
Office of Naval  R e s e a r c h  
1030 E a s t  G r e e n  S t r ee t  
P a s a d e n a ,  Cal i fornia  91 101 
D i r e c t o r  ( 1 )  
U. S. Naval  R e s e a r c h  Labora to ry  
Washington, D. C. 20390 
Attention: H. W.  C a r h a r t  
Code 6180 
Picat inny A r s e n a l  ( 1 )  
Dover ,  New J e r s e y  08701 
Attention: I. F o r s t e n ,  Chief 
Liquid P ropu l s ion  Labora to ry  
-69 - 
U. S. Atomic E n e r g y  Commiss ion  ( 1 )  
T e c h n i c a l  Information S e r v i c e s  
Box 62 
Oak  Ridge, Tennessee  37830 
Attent ion:  A. P. Huber ,  Code ORGDP 
Box P 
A i r  F o r c e  Aero  Propuls ion  L a b o r a t o r y  (1 )  
R e s e a r c h  & Technology Division 
A i r  F o r c e  Sys tems Command 
United States  A i r  F o r c e  
W r i g h t - P a t t e r s o n  AFB,  Ohio 45433 
Attent ion:  A P R P  (C.  M. Donaldson) 
A e r o j e t - G e n e r a l  Corpora t ion  ( 1 )  
P. 0. Box 296 
Azusa ,  Cal i fornia  91703 
Attent ion:  L i b r a r i a n  
Aeroje t -Genera l  Corpora t ion  (1)  
1 17 1 1 South Woodruff Avenue 
Downey. Cal i fornia  90241 
Attent ion:  F. M .  West ,  Chief L i b r a r i a n  
A e r o j e t - G e n e r a l  Corpora t ion  (1 )  
P. 0. Box 1947 
S a c r a m e n t o ,  Cal i fornia  95809 
Attent ion:  Technica l  L i b r a r y  2484-2015A 
Aeronut ronic  Divis ion of ( 1 )  
F o r d  Road 
Newport  Beach, Cal i fornia  92600 
Attention: Technica l  Information Depar tment  
P h i l c o  Corpora t ion  
A e r o p r o j e c t s ,  Incorpora ted  (1 )  
310  E a s t  Rosedale  Avenue 
West  Ches te r ,  Pennsylvania  19380 
Attention: C. D. McKinney 
Aerospace  Corpora t ion  (1 )  
P. 0. Box 95085 
Los Angeles, Cal i fornia  90045 
Attent ion : L i b r a r y  - Documents  
A r t h u r  D. Litt le,  Inc. (1 )  
Acorn  P a r k  
Cambr idge ,  M a s s a c h u s e t t s  02140 
Attention: A. C. Tobey 
A s t r o p o w e r ,  Incorpora ted  (1)  
Subs.  of Douglas A i r c r a f t  Company 
2968 Randolph Avenue 
C o s t a  Mesa ,  Cal i forn ia  92626 
Attent ion:  Dr. George  Moc 
Direc tor ,  R e s e a r c h  
A s t r o s y s t e m s ,  Incorpora ted  ( 1 )  
127 5 Bloomfield Avenue 
Caldwell  Township, New J e r s e y  07006 
Attention: A. Mendenhal l  
ARO, Incorpora ted  ( 1 )  
Arnold Engineer ing Development  C e n t e r  
Arnold A F  Station, T e n n e s s e e  37389 
Attention: D r .  B. H. Goether t  
Chief Scient is t  
Atlantic R e s e a r c h  C o r p o r a t i o n  ( 1 )  
Sh i r ley  Highway & E d s a l l  Road 
Alexandria ,  Virginia  22314 
Attention: Secur i ty  Office f o r  L i b r a r y  
Bat te l le  Memor ia l  Inst i tute  (1 )  
505 King Avenue 
Columbus,  Ohio 43201 
Attention: Repor t  L i b r a r y ,  Room 6A 
Beech A i r c r a f t  Corpora t ion  (1 )  
Boulder  Fac i l i ty  
Box 631 
Boulder ,  Colorado  80302 
Attention: J. H. Rodger s  
Bel l  Aerosys t ems ,  Inc. ( 1 )  
Box 1 
Buffalo, New York  14205 
Attent ion:  T.  Reinhard t  
Bendix Sys t ems  Divis ion (1)  
B endix C o r p o r a t i o n  
Ann A r b o r ,  Michigan 48103 
Attention: John  M. B u r e g e r  
The Boeing Company (1 )  
Aero  Space  Divis ion 
P. 0. Box 3707 
Seat t le ,  Washington 98124 
Attention: Ruth E. P e e r e n b o o m  ( 1  190) 
Chemica l  P r o p u l s i o n  Informat ion  Agency (1 )  
Applied P h y s i c s  L a b o r a t o r y  
8621 G e o r g i a  Avenue 
Si lver  Spring,  Maryland  20910 
C h r y s l e r  Corpora t ion  (1 )  
M i s s i l e  Division 
W a r r e n ,  Michigan 01608 
Attent ion:  John  G a t e s  
C h r y s l e r  Corpora t ion  (1)  
Space  Divis ion 
New O r l e a n s ,  Louis iana  70150 
Attention: L i b r a r i a n  
C u r t i s s - W r i g h t  Corpora t ion  (1 )  
Wright  Aeronaut ica l  Division 
Woodridge,  New J e r s e y  07075 
Attention: G. Kel ley 
Univers i ty  of Denver  (1 )  
Denve r R e s e a r c h  Inst i tute  
P. 0, Box 10127 
Denver ,  Colorado  80210 
Attent ion:  Secur i ty  Office 
-70- 
McDonnell  Douglas A i r c r a f t  Co. ( 1 )  
Santa Monica Division 
3000 Ocean  P a r k  Boulevard 
Santa Monica,  Cal i fornia  90405 
Attent ion:  J. L. Wai sman  
F a i r c h i l d  S t ra tos  Corpora t ion  (1)  
A i r c r a f t  M i s s i l e s  Division 
Hagers town,  Maryland 21740 
Attent ion:  J. S. K e r r  
G e n e r a l  Dynamics /Ast ronaut ics  (1) 
P. 0. Box 1128 
Attent ion:  
G e n e r a l  E l e c t r i c  Company (1)  
R e - E n t r y  S y s t e m s  Depar tment  
P. 0. Box 8555 
Phi ladelphia ,  Pennsylvania  191 01 
Attention: F. E. Schultz 
San Diego. Cal i forn ia  921 12 
L i b r a r y  & Informat ion  S e r v i c e s  (128-00) 
. 
1 G e n e r a l  E l e c t r i c  Company (1)  
1 Flight  P r o p u l s i o n  Lab. Depar tment  
Cincinnati, Ohio 4521 5 
Attent ion:  D. Suichu 
G r u m m a n  A i r c r a f t  Engineer ing Corpora t ion  (1) 
Bethpage, Long Is land,  
New York  11 102 
Attention: J o s e p h  Gavin 
H e r c u l e s  Powder  Company (1) 
Allegheny Ba l l i s t i c s  L a b o r a t o r y  
P. 0. Box 210 
Cumberland.  Maryland 2 1501 
Attent ion:  L i b r a r y  
IIT R e s e a r c h  Inst i tute  (1 )  
T e chno lo g y C ent e r 
Chicago, I l l inois  60616 
Attention: C. K. Hersh ,  C h e m i s t r y  Division 
Kidde Aero -Space  Division (1 )  
Wal te r  Kidde & Company, Inc. 
675 Main S t r ee t  
Bel levi l le ,  New J e r s e y  07109 
Attention: R. J. Hanville. 
D i r e c t o r  of R e s e a r c h  Engineer ing 
Lockheed M i s s i l e s  & Space Company (1) 
P. 0. Box 504 
Sunnyvale,  Cal i forn ia  94088 
Attent ion:  Technica l  Information Center  
Lockheed-  Cal i forn ia  Company (1) 
10445 Glen Oaks  Boulevard 
P a c o i m a ,  Cal i forn ia  9133 1 
Attent ion:  G. D. B r e w e r  
Lockheed P r o p u l s i o n  Company (1) 
P. 0. Box 111 
Redlands,  Cal i fornia  92374 
Attent ion:  M i s s  Belle B e r l a d ,  L i b r a r i a n  
Lockheed M i s s i l e s  8r Space Company ( 1 )  
Propuls ion  Engineer ing  Division (D. 55- 11 )  
1 1 1 1  Lockheed Way 
Sunnyvale, Cal i forn ia  94087 
Marquard t  Corpora t ion  (1 )  
16555 Saticoy S t r ee t  
Box 2013, South Annex 
Van Nuys, Cal i fornia  91404 
Attention, L i b r a r i a n  
M a r t i n - M a r i e t t a  Corpora t ion  (1 )  
Mar t in  Divis ion 
B a l t i m o r e ,  Mary land  21203 
Attention: John  Cala thes  (3214) 
McDonnell  Douglas A i r c r a f t  Co. ( 1 )  
P. 0. Box 6101 
L a m b e r t  F ie ld ,  M i s s o u r i  63145 
Attention: R. A. H e r z m a r k  
Nor th  A m e r i c a n  Rockwell  Corpora t ion  (1)  
Space & Information S y s t e m s  Divis ion 
12214 Lakewood Boulevard 
Downey, Cal i forn ia  90242 
Attention: Technica l  Information Center .  
D/096-722 (AJOl)  
N o r t h r o p  Space L a b o r a t o r i e s  (1)  
1001 E a s t  Broadway 
Hawthorne,  Cal i fornia  90250 
Attention: Dr .  Wil l iam Howard 
P u r d u e  Univers i ty  (1)  
Lafayet te .  Indiana 47907 
Attention: Technica l  L i b r a r i a n  
Radio Corpora t ion  of A m e r i c a  (1) 
A s t r o - E l e c t r o n i c s  Division 
Defense E l e c t r o n i c  P r o d u c t s  
Pr ince ton ,  New J e r s e y  08540 
Attention: S. F a i r w e a t h e r  
Republic Aviation Corpora t ion  (1)  
F a r m i n g d a l e ,  Long Is land,  
New York  11738 
Attention: Dr .  Wil l iam O'Donnel l  
Rocket R e s e a r c h  Corpora t ion  ( 1 )  
520 South P o r t l a n d  S t r ee t  
Seat t le ,  Washington 98108 
Rocketdyne Division ( 1 )  
6633 Canoga Avenue 
Canoga P a r k ,  Cal i forn ia  91304 
Attention: L i b r a r y ,  Depar tment  596-306 
Rohm and H a a s  Company (1) 
Redstone A r s e n a l  R e s e a r c h  Divis ion 
Huntsvi l le ,  A labama  35808 
Attention: L i b r a r i a n  
of Nor th  A m e r i c a n  Rockwell  Corpora t ion  
-71- 
Space-General  Corpora t ion  (1)  
777 Flower S t r ee t  
Glendale ,  Cal i fornia  91201 
Attention: C. E.  Roth 
Stanford R e s e a r c h  Inst i tute  ( 1 )  
333 Ravenswood Avenue 
Menlo Park,  Cal i fornia  94025 
Attention: T h o r  Smith 
G e n e r a l  Technologies Corporat ion (1) 
708 North West S t ree t  
Alexandria,  Virginia  223 10 
Attention: H. M. Chi lders  
Thiokol  Chemical  Corpora t ion  (1)  
Alpha Division 
Huntsville P lan t  
Huntsville, A labama  35800 
Attention: Technica l  D i r e c t o r  
Thiokol  Chemical  Corpora t ion  ( 1 )  
React ion Motors  Division 
Denville, New J e r s e y  07834 
Attention: L i b r a r i a n  
Thiokol  Chemical  Corpora t ion  ( 1 )  
Redstone Division 
Huntsville, A labama  35805 
Attention: John Goodloe 
TRW Systems,  Incorpora ted  (1)  
1 Space P a r k  
Redondo Beach, Cal i fornia  90200 
Attention: G. W. E l v e r u m  
TRW Sys tems,  Incorpora ted  (1) 
1 Space  P a r k  
Redondo Beach, Cal i forn ia  90200 
Attention: STL Technica l  L i b r a r y  
Document Acquis i t ions 
TRW Systems,  Incorpora ted  (1) 
1 Space P a r k  
Redondo Beach, Cal i fornia  90200 
Attention: D r .  Eugene Burns  
TRW, Incorporated (1 )  
23555 Euclid Avenue 
Cleveland, Ohio 441 17 
Attention: P. T. Angel1 
United Aircraf t  Corpora t ion  (1) 
Corporat ion L i b r a r y  
400 Main S t ree t  
E a s t  Hartford,  Connecticut 061 18 
Attention: D r .  David Rix 
United A i r c r a f t  Corpora t ion  ( 1 )  
United Technology Center  
P. 0. Box 358 
Sunnyvale,  Cal i forn ia  94088 
Attent ion:  L i b r a r i a n  
Vought As t ronaut ics  ( 1 )  
Box 5907 
Dal las ,  T e x a s  75222 
Attent ion:  W a r r e n  C. T r e n t  
A e r o t h e r m  Corpora t ion  ( 1 )  
460 Cal i forn ia  Avenue 
P a l o  Alto, Cal i forn ia  94306 
Attent ion:  Mr .  Roald Rindal 
. 
United Aircraf t  Corpora t ion  ( 1 )  
P r a t t  & Whitney Division 
F l o r i d a  Research  & Development Center  
P. 0. Box 2691 
West  Palm Beach,  F l o r i d a  33402 
Attention: L i b r a r y  
7 2 -  
